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ABSTRACT
The inheritance of resistance to leaf smut disease of rice 
(Oryza sativa L.), caused by the fungus Entyloma oryzae H. & P. Sydow 
& Sydow, was studied in an undefined diallel set of crosses involving 
five rice lines previously rated for leaf smut resistance. The five 
lines consisted of two very resistant lines, two very susceptible 
lines, and one intermediate line. The diallel set of crosses con­
sisted of the five parental lines considered to be non-random, 20 
hybrids obtained from the single crosses of the five lines in all 
combinations, and 20 families derived from self-pollination of 
the F^ hybrid plants. The plants were evaluated on a 0-9 scale, 
with 0 and 9 indicating immune and very susceptible reactions, 
respectively.
In 1983, a randomized block field experiment with four 
replications was conducted at the Rice Research Station, Crowley, 
Louisiana. Leaf smut infection occurred as a result of natural 
inoculum in the rice growing area in which the study was undertaken. 
The statistical analyses of the diallel cross were based on the 
model of Jinks and Hayman. Seven assumptions were tested and the 
assumptions of diploid segregation, homozygous parents, no reciprocal 
and no maternal effects were valid but the assumptions of no 
epistasis, no multiple allelism, and independent gene distributions 
were not strictly valid.
xiii
Highly significant additive and dominance components using 
Hayman's analysis of variance were obtained in the and F  ̂ genera­
tions. Additive (D) and dominance (H^ and H^) genetic variances, 
and the proportion of recessive versus dominant alleles in the 
parents (F) were quite similar from block to block, indicating that 
genotype-environmental interactions were rather small. The ratio 
of (H^/D) 2 provided evidence for partial dominance in the parents 
while the ratio of H^/AH^ suggested the occurrence of residual 
heterozygosity and complementary epistasis in the experiment. The 
data also showed that resistance to Entytorna ovyzae was generally 
dominant over susceptibility and was controlled by a few major genes. 
Estimators of narrow-sense heritability were generally high and 
ranged from 66.5% to 79.28%, indicating that the variation was 




Rice leaf smut, caused by Entyloma oryzae H. & P. Sydow, has 
been reported to occur in all rice growing countries. Although it 
is considered to be a minor leaf disease, the widespread distribution 
of the disease indicates the potential importance of the disease. 
While the damage caused by leaf smut is presently of little economic 
significance, a better understanding of this fungus may help prevent 
the disease from becoming a greater problem in the future.
Soils high in nitrogen apparently favor the development of 
rice leaf smut. Since farmers are applying more nitrogen to obtain 
optimum yields, the disease might become more important. This is 
especially true in the United States, where only a few varieties of 
rice are resistant to E. oryzae.
Since very limited information is available on leaf smut of 
rice, a better understanding of the genetics of resistance could be 
important in the event the fungus should become more virulent.
The objectives of this research were to investigate the 
inheritance of resistance to E. oryzae in rice and to determine if 
the methods of rating leaf smut infection are satisfactory for 




The smut fungi have been shown to be genetically complex. 
Since the appearance of Holton's review (1931) on physiologic 
specialization and genetics of the smut fungi, notable scientific 
advances have been made in the study of these basidiomycetes.
Despite this, information on leaf smut of rice is limited. Only a 
few research papers and one thesis have been contributed to this 
particular subject. Although leaf smut of rice, caused by the fungus 
Entyloma oryzae H. & P. Sydow, is considered to be a minor leaf 
disease of rice, the widespread distribution of the disease in all 
rice growing areas indicates the potential importance of the disease.
Sawada (1912) first described leaf smut disease of rice and 
named the organism Eatostroma oryzae Sawada based on the morphology 
of the dormant spores. Sydow and Sydow (1914) also described leaf 
smut of rice and named the causal organism Entyloma oryzae. They 
based their descriptions on the morphology of the dormant spores.
They found these dormant spores to be comparable to those of Entyloma 
lineatum (Cooke) Davis, a smut fungus occurring on wild rice (Zizania 
aquatiaa). Hara (1918) reported the occurrence of leaf smut in Japan 
and named the causal organism Sclerotiim phyllachoroid.es Hara. 
Kuribayashi (1934) and Ito and Ishizuka (1934), after germinating 
dormant spores of the leaf smut, concluded that its germination and
2
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some characteristics of the fungus were similar to those of E . spp 
and E. oryzae H. & P. Sydow, respectively. Ito and Ishizuka (1934) 
also concluded from their observations that some characteristics of 
E. oryzae were similar to a fungus formerly known as Solerotium 
phyllaohoroides Hara and Ectostroma oryzae Sawada. Dickson (1956) 
reported leaf spot smuts caused by Entyloma spp on several grasses 
throughout the world. He described the symptoms as occurring on 
leaves, on floral bracts and other parts of the plant. He listed 
several species: E. irregulare Johans, E. grastophyHum,
E. lineatum (Cooke) Davis, and E. daotylidis (Pass) Lif.
Godfrey (1914) observed affected rice plants in the fields 
of Texas and Louisiana. He reported the disease to be similar to 
an ordinary black rust of cereals. He attempted to culture the 
fungus and found the development of numerous small black sclerotia- 
like bodies. He also reported that artificial infections were not 
successful. Tullis (1934) also reported leaf smut of rice in the 
lower Mississippi Valley and described some characteristics of 
E. oryzae. Ryker (1938, 1939) and Larsh (1944) observed the 
prevalence of Entyloma leaf smut on rice in Louisiana and Arkansas, 
respectively, and reported that the disease seemed to cause little 
yield loss. Atkins (1958, 1974) reported rice leaf smut in the 
United States and other countries of the Americas. He found the 
disease to prevail in Arkansas, Louisiana, and Texas every year but 
with little economic importance. He also recorded the prevalence of 
the disease late in the growing season and especially when rice
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plants approach or reach maturity, and the sori occur on leaf sheath 
and culm. He reported the disease in Argentina, Brazil, Dominican 
Republic, Guyana, Panama, Surinam, and Venezuela. Worawissitthumrong 
(1963) found that leaf disease might significantly reduce the milling 
quality of rice due to checking, cracking, and chalkiness of kernels 
following rapid maturity. Rush et al. (1978) reported the disease 
as being of minor economic importance in Louisiana.
Besides in the United States, Japan, Pakistan, and India, 
leaf smut of rice has also been reported in South America. Muller 
(1941) reported the prevalence of leaf smut of rice in Venezuela.
Anon (1954), Del Prado (1956), Johnson (1958), and Castellani (1958) 
also reported the presence of leaf smut of rice in New Guinea, 
Surinam, Malaya, and the Dominican Republic, respectively. The 
disease was said to be of little economic importance in these 
countries.
Templeton (1964, 1965, 1966, 1967) found that rate and timing 
of nitrogen application influenced the severity of rice leaf smut 
disease as well as that of the kernel smut caused by Telletia 
bavolayana. Singh and Krishna (1979), in India, from their study 
of the effect of different doses of nitrogen on the incidence of 
leaf smut of rice, concluded that the severity of leaf smut of rice 
was directly influenced by the increase of nitrogen fertilization. 
This conclusion corroborated Templeton's findings (1964, 1965, 1966, 
1967). Singh and Krishna (1979) also reported the severity of damage
5
to the leaves to be high and low at 20 kg and 0 kg of nitrogen per 
hectare, respectively.
Ryker (1938, 1939) found that all American varieties were 
apparently susceptible to the fungus attack. Larsh (1944), however, 
observed damage caused by E. oryzae on the following varieties: 
Kamrose, Prolific, and Zenith. Johnson and Caffey (1960) recorded 
leaf smut on the variety Bluebonnet 50, near Ruleville and Cleveland, 
in Mississippi. Johnson and Caffey (1960) reported that yield 
losses were negligible, when compared with that caused by 
Pirioular'ia oryzae. Templetom and Worawissitthumrong (1963) con­
ducted a screening study for leaf smut reaction to E. oryzae at the 
Rice Branch Experiment, Stuttgart, Arkansas. They rated only one 
variety, CI9187, as resistant. Other varieties had reactions rang­
ing from very susceptible to moderately susceptible. Zia, Kahn, and 
Ahmad (1977) , in Pakistan, concluded from their investigations that 
mid-maturing varieties were more resistant than the early varieties. 
They also found a source of resistance among the late maturing 
varieties.
Morphology
Kuribayashi (1934) and Ito and Ishizuka (1934) gave 
identical descriptions of the fungus, Entyloma oryzae. Telio- 
spores were polygonal and measuring 7.5-10 y x 7.5-12.5 y in size.
The spores produced a promycelium of 6-20 y in length, 5-10 y in 
width, which produced 4-8 spindle shaped primary sporidia. These
6
primary sporidia measured 10-15 y x 2-2.5 y, and produced 1-4 small 
secondary sporidia, forming a "y" shaped structure appearance. The 
secondary sporidia budded and formed yeast-like colonies.
Worawisitthumrong (1963) conducted rice leaf smut germini- 
zation studies using potato Dextrose Agar and Sartoris or Zscheileas 
media. The sori measured 1-3 mm in length by 0.1-0.3 mm in width 
and covered by the epidermis of the host. He found that teliospores 
were polygonal in shape with spores measuring 7-13 y by 6-11 y. 
Completion of a dormancy period required at least an 8-month period, 
followed by storage in a dry condition for another 7-month period. 
These were prerequisites for germination. He also reported that 
each teliospore produced a hyaline promycelium measuring from 4-20 y 
in length and from 3-8 y in width. The protoplasm of the promycelium 
was observed to migrate to the tip. He described the primary 
sporidia as being produced in a whorl. They were produced in a 
group of 3-6 with a size ranging from 5-14 y by 1.5-3 y. These 
secondary sporidia produced at their distal part from 1-3 secondary 
sporidia measuring 3-13 y by 1-2.5 y. Yeast-like cells were 3-13 y 
by 1-2.5 y in size and were produced from the secondary sporidia.
He observed that there was no fusion of sporidia and concluded that 
the smut fungus was not heterothallic. He attributed the lack of 
fusion of sporidia to the unfavorable environmental conditions in 
the laboratory. He also reported that the growth of the fungus can 
be easily obtained in a wide range of media. He observed several 
sectorins that turned black as the age progressed and related this
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blackening of the yeast-like cells as coming from a common origin. 
When inoculation studies were conducted under greenhouse conditions 
on American rice varieties, infection was not successful because of 
the unknown source of spores. He hypothesized that since smut fungi 
exhibited physiological specialization, it is possible that the 14 
varieties were not susceptible to that particular collection of smut. 
He also ascribed the inoculation failure to the physiological con­
ditions of the greenhouse which were probably different from field 
conditions.
Genetic Phenomena and Sexuality
Knowledge of genetic phenomena and sexuality in smut fungi 
is essential to the planning of a breeding program to develop 
resistance to lesions caused by smut fungi. Due to the lack of 
genetic studies on rice leaf smut, Entyloma oryzae, examples of 
reproductive behavior and smut genetics of other species will be 
reviewed. The following review is limited in depth and does not 
necessarily reflect the whole of genetic studies of smut fungi. It 
is intended to give a broad view on the occurrence of genetic
phenomena and sexuality in smut fungi.
Debary (1853) established the parasitism of the rust and smut 
fungi. Biffen (1912), in England, published the results of his 
experiments with the yellow rust of wheat on hybrids from crosses of 
susceptible varieties and the resistant variety, Rivet. The major 
key to comprehend and understand variability in fungi lies in their
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reproductive systems (Halisky, 1965). Halisky (1965) reported the 
occurrence of variability in smut fungi as being the result of 
different genetic phenomena and sexuality such as mutation, induced 
hybridization, lysis and haplo-lethal deficiency, heterothallism, 
homothallism, recombination, heterocaryosis, and the parasexual 
cycle. He reported that much of the variability in smut fungi was 
due to mutations during the meiotic process. Christensen (1963) 
reported different ratios for sex factors: 4:0, 3:1, 2:2, 1:2:1.
Biffen (1905), in a cross between a susceptible variety and a 
resistant variety, Rivet, observed a ratio of 3 susceptible to 1 
resistant individual in the generation. He found a phenotypic 
ratio of 1:2:1 for true breeding susceptible, segregating, and true 
breeding resistant by examining the generation. He then con- 
concluded that the disease was governed by a single Mendelian 
recessive gene.
Silbernagel (1964), in the crosses of 3 races of T-lZ'let'ia 
oaries with 2 races of Tilletia aontroversa, found 9 known patho­
genic lines and 14 seemingly new pathogenic entities in the F^ 
generation. He reported factors governing pathogenicity, such as 
spore germination, sorus shape, and spore morphology were inherited 
independently without linkage. Halisky and Webster (1963) recorded 
heterothallism in the inflorescence smut Ustilago oynodontis (Pass.) 
Henn., a common parasite of bermudagrass. In a diallel cross, 
Stakman (1950) found JJstilago maydis, U. sphaerogena Burr., 
Sorosporiwv syntherismae (Peck.) Farl, and Sphaaelotheaa sorghi as
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being the most mutable. Of 18 monosporidial lines and 162 matings, 
they observed 2 intra-sterile, cross fertile compatability groups 
and concluded the occurrence of a simple bipolar heterothallism 
type. Holton and Halisky (1960) showed that avirulence was dominant 
with a ratio of 8 avirulent to 0 virulent hybrid dicaryons in the F^ 
generation. From 30 F^ populations, they found that virulence was 
monogenically inherited and recessive to avirulence. Flor (1946), 
1947, 1955, 1956), through studies of Melampsora lini on flax 
(Linum usitatissi-mum) , elucidated his gene for gene theory. The 
fungus had several physiological races with different pathogenecity 
on certain flax varieties. He used 2 races, 22 and 23, on 2 
varieties of flax, Ottawa and Bombay, and concluded from the flax 
plant reaction that there existed 2 dominant genes for resistance in 
the host and 2 dominant genes for avirulence in the pathogen. He 
also found 25 rust-resistance genes, some mutated races, and epi- 
stasis between these 25 genes for resistance. The 25 genes were 
located at 5 different loci in the flax plant and were designated 
K, L, M, N, and P. One gene was identified a the K, 11 at the L, 6 
at the M, 3 at the N, and 4 at the P locus. The N and P loci were 
linked and genes at the other loci were independently inherited. 
Virulence in the fungus was inherited as a recessive gene with no 
indication of multiple allelism. Holton (1931) found, in a cross 
between Ustilago avenae and U. levis, segregation for the sex factor 
to be in the 2:2 ratio. He also suggested that there was strong 
evidence that a delayed segregation of factors was responsible for
10
certain cultural characteristics such as color, topography, type of 
growth, and rate of growth.
Diallel Analysis
Hull (1945) developed methods of analyzing data from diallel 
crosses using regression techniques and applied them to the esti­
mation of dominance in maize yields. He assumed that each gene has 
just 2 alleles and he then defined h, u, and v, based on the 
following assumptions:
i. Homozygous parents
ii. No multiple allelism 
iii. Genes independently distributed in the parents 
iv. No genic interaction (epistasis)
2d = difference between the homozygotes (additive 
variation)
h = difference between the heterozygote and the mid­
homozygote (dominance variation) 
u, v = ratio of numbers of positive and negative alleles 
in the parents
From the diallel table, he estimated the variance of
thparents, V^; the variance of the families of the r array, V^; the 
covariance between the families of the r ^  array and their non-recur­
rent parents, Wr. Homogeneity of - V meant that the hypotheses 
held true, while heterogeneity of indicated faulure of one
or more of the hypotheses.
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A second method described by Hull (1945) consisted of a 
graph of Wr against V , which should have a slope of one if the 
assumptions hold true. Sprague and Tatum (1942) defined general 
combining ability (g.c.a.) as being the average of a line in hybrid 
combinations and the specific combining ability (s.c.a.) as being 
the average of a single cross that does better or worse than the 
expected average performance of lines. Griffing (1956) analyzed 
g.c.a. and s.c.a. based on data from parents, a set of F^'s and one 
set of reciprocal made assumptions on the randomness
or the constancy of the effects. These two assumptions lead to 
different estimating problems and different tests of hypotheses 
depending on the assumption to be made and the experimental method 
chosen. He then recommended, in the case of plant material, to 
include both sets of F^'s and the method 3 if reciprocal genotypic 
effects occur. The method 3 consisted of one set of F^'s and 
reciprocals in a fixed model.
Yates (1947) described a method for analyzing reciprocal 
differences. In the absence of significant reciprocal differences, 
the mean sum of squares of reciprocal differences could be the 
estimate of , the environmental component as described in the 
generation by Mather (1949). In the presence of significant 
reciprocal differences, E2 represented the variance of differences 
of duplicate plots between the two blocks. Jinks (1954, 1956) 
estimated genetic parameters D, H^, H^, and F. He described D as 
the additive effect; H^ the dominant effect; H^ the domii.ant effect
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corrected for gene distribution; and F the frequency of dominant 
versus recessive alleles. He measured the dominance by the ratio 
(H-^/D)̂ , which is the weighted sum of h * h and d * d. He con­
sidered the ratio H^/4H2 as being a good estimate of the mean value 
of the frequency of positive versus negative alleles, uv. The 
partitioning of dominance into no dominance, incomplete dominance, 
complete dominance, overdominance, and spurious overdominance was 
achieved using the regression of on V . Jinks (1954) reported 
that overdominance and non-allelic interaction were associated with 
each other, while specific combining ability and general combining 
ability were associated with epistasis and uncomplicated dominance, 
respectively. Jinks and Stevens (1959), using a new approach to 
the analysis of the diallel cross, estimated and interpreted the 
additive, dominance and non-allelic interactions for any degree of 
correlated gene distribution in the parental lines in a cross 
between two inbred lines. They estimated the nonallelic interaction 
components of variation which were not confounded with additive or 
dominance effects. The new approach provided tests of correlated 
gene distributions in the presence of nonallelic interactions, I 
and J components of variation. The new method allowed researchers, 
for the first time, to estimate the magnitude of the non-allelic 
interaction component of variation. They reported that correlated 
gene distributions (or linkage) among interacting genes were con­
sidered to be non-significant as a source of variation in that 
particular study. Jinks and Hayman (1953) , and Hayman (1954a, 1954b)
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reported both additive and dominance genetic variations from a 
study of eight inbred varieties of Niaotiana rustioa.
Hayman (1957) investigated epistasis and heterosis in a 
study of maize yield and found heterosis to be a composite phenomenon 
of epistasis, overdominance, and an accumulation of favorable 
dominants in the heterozygotes. Jinks and Hayman (1953) classified 
epistasis into duplicate and complementary types. Hayman's model 
(1954a) has been examined and criticized by Kempthorne (1956) based 
on the fact that he made the non-orthogonal analysis of variation to 
appear orthogonal. He then removed the assumptions of two alleles 
at each locus and no epistasis. He reported that genetical 
parameters could be estimated but not by methods used by Hayman 
(1954a) and Jinks (1954).
Mather and Jinks (1982) reviewed the diallel analysis and 
dissected the components of variation. They attributed the total 
variation among progeny family means to three main causes: a
maternal effect, a parental effect, and an interaction between them. 
They estimated the expected variance due to the differences among 
maternal parents as being V̂ . and that of interaction V_̂ . They 
derived four genetic components— D, H^, ^ , and F, where D measured 
only additive effects, and H^ and measured dominance effects with
H^ having the same coefficient as D. The ratio (H^/D)i was a 
measure of the average degree of dominance and the ratio ^ M H ^  was 
a measure of the average value of uv over all loci, where u and v 
measured the frequency of positive and negative homozygotes in the
1A
parents. They obtained two other statistics, and W^; 
measured the variance of the inbred parents and the covariance 
between parents and progeny family means. Two further statistics,
Ep and E^, provided estimates of the environmental components of 
variation for the parental family means and the F^ family means. 
Mather and Jinks (1982) also described the analysis of variance of 
replicated diallel tables which included the presence or absence of 
parental means and of reciprocal crosses. From intermediate sums 
of squares in the analysis of diallel tables, they estimated the 
following statistics, represented as a, b^, b^i b^» c and d for all 
the block interactions. They tested for the additive genetic 
component, with the a statistic testing for the additive variance; 
the b^ testing the mean deviation of the F^'s or F2 's from their 
mid-parental values; the b^ value testing the mean dominance 
deviation of the F^'s or F2 's from their mid-parental values in the 
array over arrays; and the b^ value testing Griffing's (1956) 
specific combining ability. Gardner and Eberhart (1966) and Eberhart 
and Gardner (1966) reported a similar method of diallel analysis to 
that of Hayman (1957). However, their model was also appropriate 
for parent varieties considered to be random-mating populations. 
Populations used could be completely inbred, partially inbred, and 
random mating varieties. The approach determined the genetical 
components from self-progenies, of the varieties and/or the selfed 
progenies of the crosses.
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Mather and Jinks (1982) also reported the relationship of 
Vr and and, using Cavalli's (1952) scaling tests, verified the 
validity of the hypotheses of the model. One of the major relation­
ships described by them was the relationship of and Ŵ ,. That 
relationship was represented by the variance (V ) and parent-offspring 
covariance (Wr) of the members of the same array. At a single 
locus, a simple relationship was represented by the ratio:
W A - W a/V A - V a = 1 = bW /V r r r r r r
with A and a representing the genotypes AA and aa, respectively;
bW^/V^. was the linear regression coefficient of Wr on V^. Another
relationship was also described by Mather and Jinks (1982) was
between W and W' , representing the covariance of members of an r r
array with the means of arrays whose common parents are the non­
common parents of the members of the array. A further relationship
of W and V provided estimates of the relative number of dominant r r
to recessive genes present in the common parents of the arrays.
The recessive parents corresponded to the points at the upper end
of the regression lines, while the dominant parents appeared at the
lower ends of the regression lines where they cut the limiting
parabola. To test the expected values of and V^, they used an
analysis of variance on the difference between and over arrays
and a joint regression analysis of on V^. Significant values of
W + V or W - V reflected the presence of non-additive genetic r r r r
variance. To obtain information on the direction of dominance from
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Ŵ _ and V̂ _ values, they compared the value for each array with
the mean of the common parent. The distribution of dominant to 
recressive alleles was obtained by plotting against the
parental means (P).
Estimation of heritability value provides a general summary 
of the distribution of variation between the genetic and the non- 
genetic parts within the population (Mather and Jinks, 1977). The 
heritability was measured using the ratio of parent/offspring 
covariance (Falconer, 1960). Another way of estimating the 
heritability value was given by Burton (1951) using the formula
V - VF2 FI
V ’F2
where V and V „ are the variances of the F and F„ populations of r i. r Z -L /
each cross.
Wright (1934a, 1934b) estimated the number of effective 
factors called k from the parents, the F^, and the populations. 
Mather (1949) also estimated the number of effective factors using 
the data from the F^ population to avoid inflated values of 
dominance and additive variances, H and D, respectively. Jinks and 
Hayman (1953) used only the average value of the F^ and parental 
generations and the dominance component of variation to estimate the 
number of segregating gene pairs. Castle-Wright (1921) estimated 
the minimum number of gene pairs from the parental, F^, F£ and the 
backcross populations as follows:
For the population
n - (P>2
‘ 8 (VF2 - V
For the backcross population
MATERIALS AND METHODS
Based on the results of the 1979 rice disease nursery 
screening test at the Rice Research Station at Crowley, Louisiana, 
five rice lines with different levels of resistance to leaf smut 
were selected for use in this study. These lines are identified 
in Table 1.
The lines used in the study were derived from single plant 
selections made in the generation or later. They appeared to be 
homogeneous in their reactions to leaf smut and other foliage 
diseases. Since rice is a self-pollinated crop plant, the 
generation should be largely homozygous. These lines were rated for 
leaf smut in the disease nursery on a 0-9 scale with 0 being immune 
and 9 being highly susceptible reactions.
The lines identified in Table 1 were selected for their 
resistance or susceptibility to E. oryzae, and also for complete 
resistance to prevalent races of Ceraospora oryzae and at least 
moderate resistance to Helminthosporium oryzae. Since C. oryzae 
and H. oryzae cause leaf spotting diseases, concurrent infection with 
these diseases makes it difficult to satisfactorily rate populations 
which are segregating for more than one leaf spotting disease. Simi­
larity in days to heading was considered to be important to minimize 
environmental variation and variation in natural inoculum levels of
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P1 79DN236 BRAZ/MARS STG752012 9 75
P2 79DN3 STRN/T1H4//9902 RU7802003 0 77
P3 79DN146 RE13/NATO//TN-1/3/9545/NROS RU7902146 0 76
P4 79DN121 NWR X (ck) CI9969 8 75
P5 79DN535 ASI4/GR0S 77Crl371 4 75
^evel of leaf smut infection rated 0-9 with 0 an immune (no infection reaction) and 9 a 
highly susceptible reaction.
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plants in segregating populations. Two lines, 79DN3 and 79DN146, 
were chosen for their immune reaction to leaf smut; another line, 
79DN535, for its intermediate level of susceptibility; and two 
other lines, 79DN121 and 79DN236, for their very susceptible 
reactions to E. oryzae. These five lines are referred to hereafter 
as P^, P^» P5 > anc* respectively.
Plants of the five selected lines were grown during the 
Spring and Summer of 1981 and crosses were made following emascu­
lation using an air vacuum pump for removal of anthers. The objective 
here was to make enough crosses to obtain a full diallel set of 
crosses with 20 F^'s. The F^ generation seeds were then harvested in 
August to September 1981 and stored in a refrigerator. No attempt 
was made to grow the F^ plants as all the needed crosses were not 
completed during the Summer of 1981. The following crosses were made 
in the Summer of 1981: P^ x P^, P^ x P^, P^ x P^, P^ x P^, P^ x P^,
P^ x ?£, P^ x P^, P,. x P^, P^ x P^, P^ x P^. Plants of parental lines 
were transplanted to the greenhouse and additional seeds planted in 
the greenhouse to provide plants for additional crossing attempts. 
Crossing was attempted with little success in January 1982. Ratoon 
tillers from plants of the parental lines were transplanted outdoors 
during the Spring of 1982. Additional crosses were made during the 
Summer of 1982 using an air vacuum pump for removal of anthers. 
Sufficient F^ seeds were obtained from all crosses to complete the 
full diallel set.
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Before germinating, the Fj seeds were treated with a 
ten percent (10%) chlorox solution for about five (5) minutes to 
prevent seedling disease. The seeds were germinated and trans­
planted to the greenhouse in October 1982. At least two or more F^ 
plants of each cross were produced. Parental plants were grown in 
a greenhouse near the F^ plants to aid in the identification of any 
self-pollinated plants among the presumed F^ hybrid plants. The 
plants headed in January 1983, but cold and cloudy weather conditions 
prevented normal seed set. These plants were given additional 
fertilizer, and F£ seeds were obtained from ratoon tillers in May 
1983. In Mid-May, ratoon shoots of the F^ plants were planted in 
separate pots to produce a clone of 10 plants from each F^ plant.
The F£ families selected were from one F^ plant of each cross based 
on the availability of at least 300 seeds per F^ plant.
On July 5, 1983 seeds of the parental lines and seeds of the 
20 F^ families were planted in a field at the Rice Research Station, 
Crowley, Louisiana. Before planting, the seeds were treated with 
the fungicide Vitavax-R to prevent seedling diseases.
The soil type at the Rice Research Station is a Crowley silt 
loom. Before planting, the plot area was disked and harrowed. The 
plot area was fertilized prior to planting at a rate of 300 lbs per 
acre of 8-24-24 zinc (N-P20.--K20-zinc) , and 90 lbs per acre of urea 
(46% N). After planting the plants were irrigated by flushing as 
needed. Approximately three weeks after planting a permanent flood, 
10-15 cm deep, was established on the plants and maintained throughout
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the growing season. Prior to the permanent flood, Propanil was 
applied at the 3 lb per acre rate to control weeds.
The experimental design for the field test included four 
replicated blocks. Each replicated block was divided into 45 plots 
allowing the five parental lines, 20 hybrid populations and 20 
F2 families to be randomly assigned within each block. Each block 
consisted of a tier of rows and each row was 1.8 m long, with 40 cm 
spacing between the rows and 10 plants per row spaced approximately 
15 cm apart in a row. The blocks were separated by a one meter wide 
alley. The plots for the parental lines and F^ hybrids consisted 
of 2 rows and those of the F2 plants consisted of six to nine rows. 
The rows often contained less than 10 plants due to poor germination 
or early death of seedling plants.
The plots were observed on a regular basis and as the plants 
headed, the date of heading was recorded for each plant. A plant 
was considered headed when the main panicle was completely emerged 
from the sheath. The plants were then rated for their leaf smut 
disease reaction at approximate grain maturity, 25-30 days after 
heading. All mature plants were rated between October 3 and October 
11, 1983.
The rating system used was a modification of a rating system 
reported by Singh and Krishna (1979). The system was based on the 
percent of leaf area covered by the leaf smut sori and size of sori 
on the flag leaf. The leaf smut disease rating is described 
below:
Description 
Immune reaction. No evidence of infection. 
Highly resistant. Only one to three 
lesions of minute size less than 0.5 mm 
in length and 0.1 mm in width are being 
produced on the flag leaf.
Very resistant. About four to 10 lesions 
of minute size less than 0.5 mm in length 
and 0.1 mm in width are being produced on 
the flag leaf covering up to 1 .00-2.00% 
of the total leaf area.
Resistant. Not more than 100 sori of about 
the same size as class 2, but covering up 
to 10.00% of the total leaf area.
High intermediate. More than 100 sori of 
the size of 1.00 mm in length and 0.5 mm 
in width are being produced on the flag 
leaf but covering about 11.00-30.00% of the 
total leaf area.
Intermediate. Medium sori of the size of 
1.5 mm in length and 1.00 mm in width are 
being produced on the flag leaf but cover­
ing about 31.00-50.00% of the total leaf
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Scale Description
6 Low intermediate. Larger sori of the size
of 2.0 mm in length and 1.00 mm in width 
are being produced on the flag leaf but 
covering about 51.00-60.00% of the total 
leaf area.
7 Susceptible. About the same size of sori
as class 6 but covering about 61.00-70.00% 
of the total leaf area.
8 Very susceptible. Sori which are 2.5 mm
to 3.5 mm in length and 2.00 mm in width 
are being produced on the flag leaf but 
covering about 71.00-80.00% of the total 
leaf area. The flag leaf starts to die 
but some green parts remain.
9 Highly susceptible. All the sori almost
coalease and the size of the lesion is 
discernible. The flag leaf is very dry 
and dead. More than 80.00% of the total 
leaf area is covered.
In rating a plant for leaf smut infection, the upper leaves 
of the main tiller and the secondary tillers were observed and a 
representative leaf was selected for use in rating the plant. To 
aid in uniform rating of the plants, samples of leaves of each rating
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class were selected and photocopied. These photocopied examples 
were used as an aid or example for rating the other plants. A photo­
graph of representative leaves of each rating class is shown in 
Figure 1.
Diallel Analysis
Given the problems encountered in diallel analysis when 
there is an unequal number of observations per cell (Mather and Jinks, 
1982) and for the purpose of estimating the best fit genetic com­
ponents, the least number of plants rated in any cell was used. The 
first five observations were rated for all parental lines and the 
progeny, while the first 20 observations were used for each F^ family 
per replicated block.
In a defined diallel analysis the number of parental lines 
is usually rigidly fixed by the number of combinations of the genes 
involved. Thus, four parents would be used with two genes controlling 
the character under study; eight parents with three genes controlling 
the character, and so on. In an undefined diallel, on the other 
hand, any number of parental lines can be used (Mather and Jinks, 
1977). In this diallel analysis, five parental lines were carefully 
selected for their reactions to rice leaf smut disease. The diallel 
analysis used to describe the genetical systems operating in these 
five parental lines is based mainly on Jinks and Hayman's model 
(1953) with the following assumptions:
1. Diploid segregation
ho
Figure 1. Leaf smut disease rating system. ^
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2. No difference between reciprocal crosses
3. No maternal effects
4. No epistasis
5. No multiple allelism
6 . Homozygous parents
7. Genes independently distributed between the parents.
The statistical model used to test the additive, dominance, 
maternal, and reciprocal effects is described as follows:
y , = u + a + a + b + c  - c + d + B . +  rsk r s rs r s rs k
(B * a) + (B * b) + (B * c) + (B * d)
The value b^g is partitioned into three dominance components: b^, 
which tests the direction of the dominance; b2 > which tests the 
asymmetry of the dominant versus recessive alleles; and b^j which 
tests the Griffing (1956) specific combining ability, 
y = grand mean
tlia^ = additive effect of the r parent (g.c.a.)
tilag = additive effect of the s parent (g.c.a.)
b^g = dominance effect of the r s ^  parent (s.c.a.)
c^ = maternal effect due to the r ^  parent
cg = maternal effect due to the s p a r e n t
d = reciprocal effect due to the crt'1 and c s ^  maternalrs
parents
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thB, = effect of the k block k
B * a = interaction between block and additive effect
B * b = interaction between block and dominance effect
B * c = interaction between block and maternal effect
B * d = interaction between block and reciprocal effect
All the assumptions numbered from two to six were tested
according to the analyses of Jinks and Hayman (1953). The set of
tilparental lines, the r array (complete row and column) and the set
of array means of the diallel table were used to estimate the
second degree statistics to describe the genetical components. The
second degree statistics consisted of the variance of the parents,
V^; the covariance between the parents and their offsprings in the 
tilr array, V ; the covariance between the array (row or column) 
means and the common parent of the array, W^; and the variance of 
the means of the arrays, V- . These second degree statistics 
were used to describe the genetical components in the F^ and 
generations. W 1 is the covariance of members of an array with 
the array means whose common parents are the non-common parents of 
the members of the array.
Separately, these second degree statistics were derived 
for the F£ generation. Then both generations were compiled in the 
F^ and F2 diallel tables. The corrected statistics were used to 
supply the least squares solution for the genetical components D,
F, H^, and In this form, D measured only additive effects,
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while and measured only dominance effects. The ratio (H^/D)^ 
was a measure of the average degree of dominance weighted by the 
frequency, whereas the ratio ^ M H ^  = uv measured the average value 
of uv over all loci, where u and v represented the genotypic fre­
quencies. The genetical component can be expressed in terms of 
frequency of additive effect (d) and dominance effect (h). H  ̂
represented the estimate of dominance gene effects weighted for gene 
distribution and F the estimate of the relative frequency of dominant 
versus recessive alleles in the parents for the reaction to leaf smut 
disease. Positive or negative F value reflected the predominance of 
dominant alleles or recessive alleles, whereas F values near or equal 
to zero reflected the equal frequency of dominant versus recessive 
alleles. All these genetical components were estimated in each 
replication and were also combined to give the estimated average of 
the genetical components. Using the methods of Mather and Jinks 
(1982), heritability values were calculated for the F^ and 
families. The analysis of variance of replicated diallel tables 
(Hayman, 1954a) allowed a test of significance for some of the 
genetical components of variation and a test of the validity of some 
of the assumptions under the simple model, which only considered 
additive and dominance effects. Alternative methods of partitioning 
the total variation (Griffing, 1956; Hayman, 1958; Jinks, 1954, Jinks 
and Mather, 1955) and methods of deriving variance components from 
the mean squares depending on whether maternal or reciprocal effects 
were present (Griffing, 1956; Gardner and Eberhart, 1966; Eberhart
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and Gardner, 1966), and whether the parental lines were a fixed 
sample or a random sample of a population of inbred lines have been 
proposed. This diallel analysis was analyzed using a fixed sample 
model of inbred lines. The diallel table (Hayman, 1954a) was 
constructed separately in each replicated block containing male and 
female parents. Each cell or progeny family was represented by a 
plot of five observations in each of four replicated blocks for the 
F^ generation and the five parental lines. Each F2 progeny family 
cell was represented by 20 observations. Using Hayman's model 
(1954a), the diallel tables were constructed for the F^ and F2 
generations with the following nomenclature:
y is the score of the 1 5 r 5 n inbred which r
occupies the leading diagonal 
y. is their sum = Sy^
y is the score of the crosses between inbred rs
r and s; that is the entry in the sr*'*1 row
and rs*'*1 column with H  r < n and 1 < s < n,
but r 4 s
ygr is the score of the reciprocal crosses
y^ is the sum of the n scores, consisting of one
t* Viinbred line and n - 1 crosses in the r array 
row
y g is the sum of the n scores in the s**1 array 
(column)
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y.. is the sum of all n2 entries in the diallel table
Sy = Syr> = Sy>g
Various sums of squares were computed for each block 
separately. Then the means of each replicated block were summed and 
their sums of squares computed. The sums of squares for each main 
source of variation, such as the additive effect (a), the 
dominance effect (b), the maternal effect (c), the reciprocal 
effect (d), and the block effect were derived from the sums of 
squares of the combined replicated diallel tables. Then, the sums 
of squares for each replicated block were summed together to give 
the overall sum of squares. The sums of squares derived from the 
difference between the overall sum of squares and the combined ones 
represented the interactions between block and each main source of 
variation. Each interaction was used to test its corresponding main 
effects. Mather and Jinks (1982) used pooled homogeneous error 
variances as a common error variance to test the main effects. The 
dominance effect (b) was then partitioned into three items, called 
b^, b^, and b^- The b^ source of variation represented the mean 
deviation of the F^'s or the F^'s from their mid-parental values and 
it is significant only if dominance is unidirectional. The b  ̂ item 
tested the existence of a variation of the mean dominance of the F^'s 
or F^'s from their mid-parental values within each array difference 
over arrays. The b^ component tested the s.c.a. defined by Griffing 
(1956) for a fixed model with omission of inbred lines from the 
diallel table.
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Second degree statistics were obtained such as the variance 
(V ) and the parent-offspring covariance (W^) of members of the same 
array. These two statistics were used to determine the genetical 
components as well as providing estimates of the relative pro­
portions of dominant to recessive alleles in the common parents of 
the arrays. The regression analysis of Ŵ . on V was used to 
graphically represent the relation between the two. The theoretical 
regression coefficient of W on is expected to equal 1.00 if all 
the assumptions underlying the model hold true. Significant 
variations of the regression coefficient from 1.00 indicated that
the model was inadequate and that there existed non-additive gene
effects. An analysis of variance was performed on the - V̂ _ and 
to test the consistency over arrays. Inconsistency of 
arrays suggested inadequate additive-dominance model. The order of
dominance was determined by plotting W , + V , and W _ + V „ on theJ rl rl r2 r2
disease rating of the parental means (P). Those relative values
of W + V also determined the number of dominant to recessive r r
alleles in the common parents. These values of W + V likewiser r
also determined the correlated gene distributions of both dominant 
and recessive alleles with the phenotype of the recurrent parent 
of an array. The direction and order of dominance were tested using 
(F^ - P) and (F^ - P) values for the F^ and F^ generations, 
respectively.
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Estimating the Components of Variation
Given that the simple model was inadequate, the components 
of genetic and environmental variations (D, H^, H2> Eq > and
E^) (Mather and Jinks, 1982) were then estimated from the equations 
as given below. E^ and E^ were derived from the block interactions 
of the family means in the analysis of variance in the Fq, F^, and 
F2 generations. The genetic components in the F^ generation mean 
were described as follows:
D = V - E_ (1)p 0
H. = 4 V - D + F - 4En/n - 4(n - 1) x E,/n (2)1 r u 1
H2 = D + H1 ~ F  - 4V- + 4EQ/n2 - 4(n - 1) x E ^ n 2 (3)
F = 2D - 4Wr + 4EQ/n (4)
The genetic components in the F^ generation were:
F = 4D - 8W + 8En/n (5)r 0
h = 16V - 4D + 2F - 16En/n - 16(n - 1) x E0/n2 (6)1 r u /
H2 = 4D - 2F + H1 - 16V- + 16Efl/n + 16(n - 2) x E2/n (7)
where D, H^, H2, F, Eq, E^, and E2 represented the genetical and 
environmental variations given earlier. Mather estimated the number 
of effective factors with the following formula:
K = (F^ - P)/(%H), for the F^ generation (8)
K = (F - P)/%(j4H), for the F2 generation (9)
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Estimating Heritability
Heritability values were estimated based on common genetic 
models assuming additiveness and dominance of gene effect on an 
arithmetic scale. Use of partitioning of phenotypic variance into 
its genetic and environmental variances has been proven effective.
The important statistic here is the variance designated as V, which 
is the average of the sum of the squared deviations of each observa­
tion from the mean. The heritability value in the broad sense was 
estimated as the difference between the variance of the F2 population 
and the mean environmental (V^) variance of the two parents and 
twice the variance divided by the variance of the F2 population. 
This estimation assumes that the parental lines are inbred and the 
variation is environmental in its nature.
Narrow and broad sense heritability were also estimated 
using the formula of Mather and Jinks (1982) as follows. For the
(10)
(H2) = (V^ “ Vg)/VF2’ broad sense heritability (11)
F^ generation:
H2 = (kV + k ^  - %H2 - %F)/(%D + k \  ~ }SH2 - %F + E) (12)
narrow sense
h2 = (%d + %h1 - %h2 - h?)/(kv + k \  - hm2 - %F + E), (13)
broad sense
with E = Eq + E^ (14)
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For the generation:
H2 = (SgD + - kF + E)/(JsD + 1/8H1
- ^/16H2 - + E), narrow sense (15)
H2 = (%P + 1 / 8H;L - lt l W 2 - %F) / (̂ T) + - lh ^ 2
%F + E) , broad sense (16)
with E = Eq + E2 (17)
Estimating Number of Segregating Gene Pairs
The number of gene pairs was estimated using Castle-Wright's 
formula (1921). His formula estimates the minimum number of gene 
pairs controlling the inheritance of a character. The formula was 
described as follows:
are the estimated variances of the F^ and F£ populations. In 
arriving at this estimate of number of genes, four assumptions have 
been made:
1. No epistasis
2. The gene differences are of equal effect and additive
3. The positive alleles are associated in one parent,
and the negative alleles in the other parent
4. There is no linkage among the genes for the character 
under study.
Number of gene pairs (n) = -577;—  — :
F2 FT
(18)
where D is the mean difference between the two parents, and
RESULTS AND DISCUSSION
The results of the 1983 evaluation for leaf smut reaction of 
the Fq , F^, and populations from a 5 x 5 diallel are summarized 
in Table 2. The data shown in Table 2 are the average leaf smut 
ratings over four replicated blocks. The plants grew satisfactorily 
throughout the growing season and the plants were intermediate in 
height. No lodging occurred among the rice plants in the test. The 
plants headed over a two-week period August 19 to September 7, 1983. 
Natural infection of leaf smut at the Rice Research Station and in 
the test plots generally appeared to be high in 1983. The susceptible 
variety Mars planted near the plot area showed a severe infection of 
leaf smut. Other leaf diseases such as blast, cercospora leaf spot, 
and brown spot were observed but were not sufficiently damaging to 
interfere with leaf smut reactions.
Table 2 shows that the two resistant parents were not rated 
completely immune although over 95% of the individual plants showed 
no leaf smut infection. The susceptible parents were rated lower 
than the previous rating in 1979. These differences in rating may 
be due to differences in the rating systems, differences in physio­
logical race(s) of the pathogen, differences in environmental 
conditions during the growing season and/or in the differences in 
inoculum levels in this test. More detailed information on the leaf 
smut ratings can be found in Appendix Tables 1 to 8 .
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Table 2. Mean smut ratings and population sizes of 
F0, Fl> and F 2 populations of all crosses 
in a 5 x 5 diallel cross.
Mean Smut Rating
x n
P1 X P1 7.15 20
P2 X p2 0.10 20
P3 X P3 0.15 20
P4 X P4 7.10 20
P5 X P5 3.75 20












P4 X P 1
P4 X P2
x n x  n
0.50 20 2.46 80
0.40 20 3.16 80
7.30 20 7.25 80
5.00 20 4.71 80
0.35 20 2.82 80
0.00 20 0.46 80
1.52 20 3.87 80
0.85 20 1.11 80
0.45 20 2.78 80
0.05 20 0.47 80
0.20 20 2.61 80
0.40 20 1.45 80
7.45 20 6.65 80
1.96 51 2.86 80
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Table 2, continued.
 Mean Smut Rating__________
Fq F l  f 2
x n x n x n
P4 X P3 0.60 20 2.18 80
P4 X P5 5.20 20 5.01 80
Pô X P 1 5.50 20 4.57 80
P5 X P2 0.80 20 1.60 80
P5 X P3 0.30 20 2.32 80
P5 X P4 5.40 20 5.90 80
disease ratings were not obtained on Fi
hybrid plants for blocks 1, 2, and 3 of the P4 x P2
cross. These values were estimated using 
Hinklemann's formula (1968) which reduces to the 
well known formula for estimating missing values in 
a completely randomized block design.
The frequency distribution of the plants from the P£ x P^ 
crosses (resistant x resistant) ranged from leaf smut ratings of 0 
to 2 , compared to the parent lines with smut ratings from 0 to 1 
(Figure 2). This indicates the resistance of these two lines was 
controlled by essentially the same genes for resistance. The
increase in the number of plants rated 2 was probably due to the
increased environmental variation among these plants due to differ­
ences in heading dates.
42-
39-
2 .00 .0 0 .2
DISEASE SAT IK
LEGEND > 10 « * - n  • • • M
It
10-
2 .62 .01.0 1.60.60.0
DISEASE BATING
LEGEND• ID — —  f2 a a a F3 * » *  FI *'* » F2
Figure 2. Frequency distributions from two resistant (R) lines, 79DN146 = P3
and 79DN3 = P2 » the cross between P2 x P3 and its reciprocal, P3 x P2, 
representing both the F^'s and the derived second generations, F^'s. u>
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The leaf smut ratings of the progeny of the x 
crosses (susceptible x susceptible) ranged from 4 to 9, compared to 
a range of 6 to 8 for the parent lines (Figure 3). The greater 
range in leaf smut ratings in the F^ progeny indicates transgressive 
segregation for genes with minor effects. However this increased 
variation in disease ratings could also be due to the greater 
environmental variation among the F^ plants due to differences in
heading dates. The frequency distribution of leaf smut ratings of
this F2 population, while somewhat greater than the range of the 
ratings of the parent lines, was sufficiently close to the parental 
distribution to conclude that the two susceptible lines have 
similar genes for susceptibility to leaf smut disease.
The F^ progeny of the crosses of resistant lines with 
susceptible lines and their reciprocals, a total of eight popu­
lations, were distributed among the leaf smut rating classes in a 
manner which sorted them into three phenotypic groups (Figures 4,
5, 6 , and 7). These groups were a resistant group ranging over 
leaf smut rating classes 0 to 2 , an intermediate group ranging
over leaf smut rating classes 3 to 5, and a susceptible group
ranging over rating classes 6 to 9. If these populations are 
analyzed as two phenotypic groups, a resistant group (0-2 rating) 
and a combined group (3-9 rating), six of the eight F^ populations 
fit a 9:7 ratio with a probability of 0.25 or greater. The chi- 
square analysis of the combined populations of all eight crosses 
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Figure 3. Frequency distributions from one resistant (R) and one susceptible (S) 
line, 79DN3 = ?2 an<i 79DN236 = P^, the cross between x P2 and its
reciprocal, P2 x P^> representing both the F^'s and the derived 
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Figure 4. Frequency distributions from one resistant (R) and one susceptible (S) 
line, 79DN3 = P2 and 79DN121 = P^, the cross between P2 x P4 and its 
reciprocal, P4 x P2 , representing both the F^'s and the derived 
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Figure 5. Frequency distributions from one resistant (R) and one susceptible (S) 
line, 79DN146 = P3 and 79DN236 = P^, the cross between P^ x P3 and its 
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Figure 6 . Frequency distributions from one resistant (R) and one susceptible (S) 
line, 79DN146 = P3 and 79DN121 = P4 , the cross between P3 x P4 and its 
reciprocal, P4 x P3 , representing both the Fi's and the derived 
second generations, F2 's.
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Figure 7. Frequency distributions from one resistant (R) and one
intermediate (I) line, 79DN3 = P2 and 79DN535 = P5 , the cross 
between P2 x P5 and its reciprocal, P^ x P2 , representing both the
Fi's and the derived second generations, Fo's. -c-Ul
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0.95. The results indicate that the very resistant phenotype is 
the result of complementary dominant genes at two separate loci. 
These populations were also tested by chi-square analysis for 
their fit to the different classical genetic ratios for three 
phenotypic classes. None produced a fit except the 9:3:4 ratio.
Six of the eight progeny of the resistant x susceptible crosses 
fit the 9:3:4 ratio at the 0.05 probability level or better. When 
all eight progenies from these crosses were combined, the combined 
population fit a 9:3:4 ratio with a probability level of 0.95 or 
better (Table 3). These results indicate that the resistant pheno­
type is due to two complementary dominant genes with the inter­
mediate phenotype due to the presence of a single dominant gene and 
the susceptible phenotype due to epistatic gene effect controlled 
by recessive genes at one locus or genes at several loci.
The frequency distribution of the F£ progeny from the 
susceptible x intermediate crosses, and their reciprocals, which 
had leaf smut ratings in the range of the parents lines (Figures 8-9) 
indicates that the intermediate disease reaction of the P parent 
was due to genes different from those controlling the resistant 
phenotype.
The plants in these F^ populations did not sort into 
distinct phenotypic groups but ranged in a more or less continuous 
curve from the intermediate to susceptible ratings. This could be 
due to polygenic influence or to a failure of the rating system to 
satisfactorily differentiate between the phenotypic classes of the
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Table 3. Phenotypic grouping of F2 populations, genetic ratios, and 











Resistant x Susceptible and Susceptible x Resistant
P1 x P2 9:3:4 0-2:3-5:6-9 48:20:12 0.05-0.10
9:7 0-2 :3-9 48:32 0.25-0.50
P2 x P1 9:3:4 0-2:3-5:6-9 43:22:15 0.10-0.25
9:7 0-2:3-5 43:37 0.25-0.50
P2 x P4 9:3:4 0-2:3-5:6-9 14:12:14
P4 X P2 9:3:4 0-2:3-5:6-9 47:8:25 0.10-0.25
9:7 0-2:3-9 47:33 0.50-0.75
P1 X P3 9:3:4 0-2:3-5:6-9 41:9:30 0.01-0.025
9:7 0-2:3-9 41:39 0.25-0.50
P3 X P1 9:3:4 0-2:3-5:6-9 47:10:23 0.25-0.50
9:7 0-2:3-9 47:33 0.50-0.75
P3 X P 4 9:3:4 0-2:3-5:6-9 41:21:18 0.10-0.25
9:7 0-2:3-9 41:39 0.25-0.50
P4 X P3 9:3:4 0-2:3-5:6-9 55:9:16 0.05-0.10
9:7 0-2:3-9 55:25 0.01-0.025
Combined 9:3:4 0-2:3-5:6-9 336:111:153 0.95-0.97
crosses1












Resistant x Intermediate and Intermediate x Resistant
P2 x P5 3:1 0-2:3-5 64:16 0.25-0.50
P5 x P2 3:1 0-2:3-9 56:24 0.25-0.50
P3 X P5 3:1 0-2:3-9 60:20 Perfect fit
P5 x P3 9:7 0-2:3-9 49:31 0.25-0.50
Combined 48:12:4 0-2:3-5:6-9 220:71:20 0.10-0.25
crosses
45:15:4 0-2:3-5:6-9 229:71:20 0.50-0.75
Intermediate x Susceptible and Susceptible x Intermediate
P1 x P5 9:7 0-5:6-9 0.25-0.50
P5 x P1 9:7 0-5:6-9 0.10-0.25
P, X Pc 4 5
P5 X PA 9:7 3-5:6-9 0.75-0.90























Figure 8. Frequency distributions from one resistant (R) and one
intermediate (I) line, 79DN146 = P3 and 79DN535 = P5, the cross 
between P3 x P5 and its reciprocal, P5 x P3 , representing both the
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Figure 9. Frequency distributions from one intermediate (I) and
one susceptible (S) line, 79DN535 = P5 and 79DN236 = P^, the cross 
between P^ x P5 and its reciprocal, P5 x P^, representing both the 
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Figure 10. Frequency distributions from one intermediate (I) and
one susceptible (S) line, 79DN535 = P5 and 79DN121 = P^, the cross 
between P4 x P5 and its reciprocal, P5 x P4 , representing both the 
F^'s and the derived second generations, F2's.
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1:2:1 ratio possible with segregation for genes at a single locus 
with no dominance.
The distribution of the F£ progeny from the resistant x 
intermediate crosses (P£ x P.. and x P,., and their reciprocals) 
also indicates that genes at a third locus control the intermediate 
leaf smut reaction of the P,. line. These F£ populations appear to 
sort into three phenotypic groups similar to those in the progeny 
of the resistant x susceptible crosses. However the phenotypic 
ratio and the presence of susceptible plants indicate the segre­
gation of genes from a third locus. A good fit was obtained to a 
48:12:4 ratio, however the best fit was to a 45:15:4 ratio (Table 3). 
This ratio would be the expected ratio with segregation of genes 
from a third locus with a gene for intermediate resistance 
dominant over genes for susceptibility. Since the number of plants 
in the susceptible group was somewhat less than expected, it appears 
possible that these ratios would also be obtained if the inter­
mediate disease reaction of the P.. parent was controlled by a poly­
genic system rather than by genes at a single locus (Figures 10-11).
A three-loci genetic model showing genotypes and the 
expected phenotypes is shown in Appendix Figure 1. According to 
this model genes at locus A produce an intermediate disease reaction 
in the absence of the dominant gene from locus B. However, in the 
presence of the dominant gene at locus B, the combination of domi­
nant genes for loci A and B produces a very resistant phenotype.
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Figure 11. Frequency distributions from two susceptible (S) lines, 79DN236 = 
and 79DN121 = P4 , the cross between P]̂ x P4 and its reciprocal,
P4 x Pi, representing both the Fj_’s and the derived second genera- S
tions, F2 *s.
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from locus A are epistatic to genes at locus B and produce a 
susceptible disease reaction. In the absence of dominant genes 
from locus A, the dominant genes from locus C can express their 
intermediate level of resistance. An alternate explanation involves 
the hypothesis that at least two virulent physiological races are 
active at the Crowley site. With this hypothesis dominant genes at 
locus A produce resistance to race a and intermediate resistance to 
race b, while dominant genes at locus B produce resistance to race b 
but have no effect on race a. Then a locus C, with dominant genes, 
produces intermediate resistance to both races a and b.
Either of the above explanations could be possible since 
at the present time it is not possible to artificially infect the 
plants successfully and to separate leaf smut genotypes for use in 
controlled inoculation experiments.
Broad sense heritability values were found to be high in all 
crosses (Table 4). The minimum number of gene pairs using Castle- 
Wright's (1921) formula was estimated to range from 1 to 2 in most 
crosses. However, this number might not be accurate due to the 
presence of complementary epistasis in most crosses (Table 4).
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Table 4. Heritability values, number of gene pairs 
diallel cross for rice leaf smut disease 
and F£ generation means.
in the 5 x 5  
rating in the
Cross Estimated Number of Gene Pairs1





P1 X P2 0.94 0.92 0.90 94.80
P1 X P3 0.67 0.16 0.91 96.10
Pl x P 4 Trace 0.07 1.78 33.00
P1 X P5 6.88 0.37 1.36 73.00
P2 X P 1 0.87 0.40 0.00 96.00
T?2 x P^ 0.79 0.07 0.03 80.00
P2 X P4 0.79 0.04 0.90 88.80
P2 X P5 0.80 0.45 0.48 63.00
P3 X P 1 1.75 0.51 0.91 95.80
P^ x 0.79 0.08 0.03 84.00
P3 X P4 0.01 0.74 0.91 96.30
P3 X P5 0.86 0.17 0.48 78.10
P4 x P l 0.78 0.17 0.78 56.10
p4 x p2 Trace 0.40 0.90 96.50
P4 x P 3 0.80 1.47 0.91 94.40
P4 x P 5 0.29 0.13 1.36 88.50
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Table 4, continued.
Cross Estimated Number of Gene Pairs 1





P5 X P1 0.45 0.52 1.37 77.80
P5 X P2 0.57 0.07 0.48 78.20
P5 X P3 0.27 0.09 0.49 93.80
P5 X P 4 0.73 0.13 1.36 74.60
Computed by Castle-Wright's formula (1921). 
Calculated by the method of Mather (1949).
Analysis of Fo and Generation Means
Validity of the assumptions of the 5 x 5  diallel cross 
analysis in the Fi generation means. Investigations of a diallel 
cross consisting of five parental lines and their 20 mating combi­
nations usually leads to a test of the assumptions underlying the 
simple genetic system, that is the additive-dominance model.
57
The first two assumptions, diploid segregation and homo­
zygous parental lines, were validated from the cytological history 
of a diploid rice species, Oryza sativa, which behaves in a diploid 
fashion and from the number of generations, more than six, of 
self-pollination of the five parental lines. The test of homo­
zygosity of parental lines was based on their uniform phenotypic 
expression considering their height, days to heading, and reactions 
to Entyloma ovyzae.
The absence of maternal effects and reciprocal differences 
was established from the analysis of variance of the diallel table 
(Table 5). Both effects were found to be non-significant, indi­
cating that the two assumptions were valid. Therefore, analysis of
variance did indicate that the value of an did not depend on the 
direction of the cross.
The assumptions of no epistasis, no multiple alleles, and 
uncorrelated gene distributions are difficult to test independently 
from each other. First, the variance of the arrays (V and the 
covariance of parent-off spring (W -̂) °f members of the same array 
were used to test the assumptions. Second, the variance of the 
array means (V-^) and the mean variances of the array (Vr )̂ were 
calculated. Appendix Tables 2 to 4 provide more detailed infor­
mation.
The first test to validate the assumptions of no epistasis, 
no multiple alleles, and independent distribution of genes among the
parents was based on the analyses of variance of W  ̂+ V  ̂and
Table 5- Analysis of variance of leaf smut rating observations using 
generation means of the 5 x 5  diallel set of crosses.
Source of Variation Sums of Squares DF Mean Square F
a (additive) 602.96 4 150.74 321.95
b (dominance) 152.00 10 15.20 **32.46
bl 33.58 1 33.58
**71.72
b2 15.30 4 3.82
**
8.15
b3 103.11 5 20.62
**44.04
c (maternal) 0.83 4 0.20 0.47
d (reciprocal effect) 1.22 6 0.20 0.46
B (blocks) 2.77 3 0.92 1.96
B * a 6.12 12 0.51
B * b 14.83 30 0.53




Source of Variation Sums of Squares DF Mean Square F
B * b2 4.86 12 0.40
B * b3 8.42 15 0.64 1.36
B * c 4.45 12 0.37
B * d 5.97 18 0.33
(Block Interactions) 31.37 671 0.46
Total 791.17 96
**Significant at a = 0.01
■'■Degree of freedom was corrected for three missing values of the cross P^ x P^.
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Wrl - values. The values are expected to be constant
over arrays if three assumptions hold true. Table 6 reveals highly 
significant variations of the W ^ - V  ̂values over arrays; there­
fore, the assumptions were not valid. Another test using W  ̂
values in an analysis of variance (Table 6) revealed highly signifi­
cant differences among the five arrays, suggesting the presence of 
non-additive genetic variance; therefore, non-additive genetic 
variation was present for the character leaf smut disease rating.
The two analyses of variance revealed the failure of the three (or 
at least one of the three) assumptions. From this we can conclude 
that epistasis, multiple alleles, and/or correlated gene distribution 
among the parents were (was) present.
Another test to assess the validity of the three assumptions 
of no epistasis, no multiple alleles, and independent gene distri­
butions among the parents was performed using an analysis of 
regression of (W^, W'^) values (Table 7). These regression 
coefficients are expected to be significantly different from zero 
but not significantly different from 0.50 if all the assumptions 
hold true. Table 7 also shows the different values of the 
regression coefficients ranging from 0.56 to 0.61 for all four 
blocks with confidence limits ranging from 0.30 to 0.85. The 
regression coefficients of on were found to be highly
significant and significantly departed from 0.00 and from 0.50 
around their confidence limits. Figures 12 to 15 depict 
general pattern of the parental lines along the calculated and
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Table 6 . Analyses of variance of Wrl + Vrl and Wri - Vri values 
in the 5 x 5  diallel set of crosses for leaf smut 
disease rating in the F^ generation means.
Source of 
Variation DF Sum of Squares Mean Square F
Blocks 3 68.68 22.89 1.80
Wr^ + Vr^ 4 1586.28 396.57 31.25**
Error 12 152.64 12.69
Total 19 1807.60
Blocks 3 1.07 0.35 0.83
Wrx - Vrx 4 14.25 3.56 8.47**
Error 12 5.03 0.42
Total 19 20.35
*Significant at a = 0.05
**Significant at a = 0.01
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Table 7. (Wr ,̂ W'r )̂ regression coefficients for rice 
leaf smut disease rating means in the 
generation.





expected regression lines. The estimated regression lines cut the 
axis at the points -0.08, 0.22, -0.03, and -0.33 for blocks 1,
2, 3, and 4, respectively. The estimated regression coefficient in 
block 1 indicated a departure from the expected value of 0.50. 
Therefore, all three assumptions were not valid in block 1. How­
ever, the calculated regression coefficients in blocks 2 , 3, and 4 
covered the value of 0.50, validating all the three assumptions.
From these results, we can then assume that all the three assumptions 
were generally met.
The third test to assess the validity of the three previous 
assumptions was carried out on the graph of W  ̂on V The graph 
°f W on Vrl provides information on three major points. Initially, 
it is used to test the adequacy of the model; in the absence of 
















Figure 12. (Wr^, W'^) graph for leaf smut disease
rating for the 5 x 5  diallel cross in 
block 1. The regression line is expected 
to have a slope $ = i. The broken lines 
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Figure 13. (Wr ,̂ ^'rP 8raPh f°r leaf smut disease
rating for the 5 x 5  diallel cross in 
block 2. The regression line is expected 
to have a slope 0 = £. The broken lines 










Figure 14. (Wr2 » W'r )̂ graph for leaf smut disease 
rating for the 5 x 5  diallel cross in 
block 3. The regression line is expected 
to have a slope 6 = i* The broken lines 
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Figure 15. (Wr ,̂ W'r )̂ graph for leaf smut disease 
rating for the 5 x 5  diallel cross in 
block 4. The regression line is expected 
to have a slope B = £• The broken lines 
represent the confidence limits at 95%.
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parents, W  ̂on V  ̂ is a straight regression line with unit slope. 
Secondly, it provides a measure of the average level of dominance, 
and lastly, it indicates the distribution of dominant and recessive 
genes among the parents along the regression line. When the 
regression analysis of W on V ^ was performed for each block, it 
was found that all the estimated regression coefficients varied 
from 0.90 to 0.97 which were not significantly different from 1.00 
but significantly different from 0.00. Table 8 shows the 95 per­
cent confidence limits that possibly suggest that non-allelic 
interaction was present, given the values of the confidence limits
above 1.00. The data obtained from the parental lines and the
Table 8 . (Vri, Wrl) regression coefficients for the 5 x 5 diallel




Coefficients Confidence Limits at 95%
Expected
Coefficients
of Regression of Regression
1 0.91 0.59 - 1.24 1.00
2 0.98 0.66 - 1.30 1.00
3 0.91 0.56 - 1.26 1.00
4 0.90 0.65 - 1.15 1.00
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means indicated significant sources of additive and dominance gene 
effects (see Table 3). Investigations of the 5 x 5  diallel cross 
of the F^ families revealed a general tendency in the single cross 
towards dominance or partial dominance of rice leaf smut disease 
resistance. The maternal, reciprocal, and epistatic effects were 
not statistically significant (Table 3); however, epistasis was 
possibly present, but its magnitude was too low to be detected by 
this test. Multiple allelism and correlated gene distributions were 
also present. This principle was generally met, given that the 
(V graphs were not distorted; thus indicating that these
assumptions were unlikely to be a significant source of bias 
(Crumpacker and Allard, 1962) to offset a genetic analysis of the 
data for rice leaf smut disease rating.
Figures 16-19 represent the (Vr ,̂ graphs for each block
with straight line near to unit slope. The parental lines P^ and 
corresponded to points at the upper end of the regression lines in 
blocks 1, 2, 3, and 4, and should have a greater proportion of 
recessive genes than the parental lines P^ and P2 at the lower end 
of the regression lines with a greater proportion of dominant alleles 
in blocks 1, 2, 3, and 4. The expected regression lines in Figures 
16-19 were not significantly different from the calculated ones pro­
viding evidence that epistasis was negligible in this present study. 
The estimated regression lines cut the W  ̂axis at the approximate 
points of intersection of 1.20, 1.40, 1.20, and 1.10 indicating the 













Figure 16. Analysis of covariance = Wr^/variance = Vr ,̂ 
of F^ generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 1. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 3 = 1 .  The other two broken 
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Figure 17. Analysis of covariance = Wr^/variance = Vr ,̂ 
of F-[ generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 2. The 
stars represent the parental arrays. The solid 
line is the line of the best fit to parental 
arrays. The broken line with the triangle 
represents the expected regression line of slope 
6 = 1 .  The other two broken lines are the 








Figure 18. Analysis of covariance = Wr^/variance = Vri» 
of generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 3. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 8 = 1 .  The other two broken 
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Figure 19. Analysis of covariance = Wri/variance = Vri, 
of Fi generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 4. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 3 = 1 .  The other two broken 
lines are the confidence limits at 95%.
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reveal any serious departure from the additive-dominance model; 
however failure of previous tests suggested that more investigations 
were needed to adequately validate these assumptions using a chi- 
square analysis and an analysis of variance on W  ̂ values.
The first test for detecting epistasis was undertaken 
using the chi-square analysis. Table 9 shows that epistasis was 
not significant, revealing that its level was too small to be 
detected by this present test. An analysis of variance of
Table 9. Chi-square analysis to detect epistasis 
for rice leaf smut disease reaction in 
the 5 x 5  diallel cross.
Replication x
1 6.25 n. s.
2 9.62 n. s.
3 2.26 n. s.
4 8.14 n. s.
n. s. = non-significant at a = 5%.
W - 2W^2 values was mainly carried out to detect multiple allelism 
in the parental lines. Highly significant array differences were 
found in Table 10, suggesting the presence of multiple alleles for 
the character under study. The consequences of this conclusion 
could be interpreted as possible sources of high and intermediate
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Table 10. Analysis of variance of Wr^ - 2Vr2 values to detect 
multiple alleles for leaf smut disease reaction from 
the F^ and F2 generation means in the 5 x 5  diallel 
cross.
Source of 
Variation DF Sum of Squares Mean Square F
Blocks 3 0.52 0.17 0.06
Array 4 79.73 19.93 7.59**
Error 12 31.51 2.62
Total 19 111.76
**Significant at a = 0.01
levels of horizontal resistance to E. oryzae for the lines being 
studied.
Estimating the Genetic and Environmental Components 
of Variation from the F^ Generation Means
From equations 1, 2, 3, and 4 on page 34, and the second 
degree statistics in Table 11, six components of variation, D, H^, 
^2’ V  anc* ^1’ were estimated. All the necessary statistics 
from all four blocks are summarized in Table 11. The six genetic 
and environmental estimates are summed up in Table 12. These esti­
mates were found to be constant from block to block. The estimates 
were derived from the statistics given in Table 11, using equations 
1 through 4. The variances of additive (D) and dominance (H^ and
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Table 11. The second degree statistics for rice leaf smut 
disease rating of the 5 x 5  diallel set of 
crosses between inbred lines in the F^ gene­
ration means.
Statistics Blocks Mean
1 2 3 4
VP 12.65 13.41 11.24 12.58 12.47
^r 6.24 5.24 5.19 6.93 5.90
wr 7.05 6.61 6.06 7.93 6.91
Vr 3.92 3.58 3.47 4.26 3.81
E1 0.43 0.43 0.43 0.43 0.43
E0 0.17 0.17 0.17 0.17 0.17
H^), using Jinks and Hayman's (1953) formula, were quite uniform from
block to block. The additive genetic variance (D) was found to be
greater than the dominance variance (H^) or the dominance variance
corrected for gene distribution (HL,) , suggesting a greater proportion
of the additive genetic variance for the character rice leaf smut
disease raction. The variance of ^  is supposed to be less than
that of H^; however, the data here indicated a source of bias which
was possibly due to a residual heterozygosity in the parental lines.
Residual heterozygosity in the parental lines could cause the values
1
of the ratios (H^/D)5 nd to be underestimated and that of F
to be overestimated. It could also cause a serious disturbance of 
gene distribution symmetry and inflate the proportion of dominant
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alleles. Table 12 also shows negative F values, suggesting that
there were more recessive alleles present in the parental lines
than dominant alleles, irrespective of their effect. The ratio 
1
(H^/D)2 is an estimator of the average degree of dominance and was 
found to range from 0.72 to 0.82, providing evidence for average 
partial dominance in the parental lines. However, some lines showed 
dominance and other lines did not.
The ratio is an estimator of the average frequency
of negative versus positive alleles in the parental lines and is
expected to have a maximum value of 0.25 if u = v - 0.50, with equal
distribution of positive and negative alleles in the parental lines. 
Values of of 0.27 to 0.38 were found, which exceeded 0.25;
thus suggesting a source of bias in a distribution of alleles among 
the parental lines. Overestimated values of this estimator uv 
suggested the occurrence of residual heterozygosity in some parental 
lines or perhaps that the line behaved differently. It was not 
possible to know which parents carried that residual heterozygosity.
Another estimator used to determine equality between the 
proportion of dominant and recessive alleles in the parental lines 
was given by Jinks (1954). The ratio [(4DH^) + F]/[(4DH^ - F] = 1
if there is equality of dominant to recessive genes. The estimated
value in Table 12 reveals inequality among blocks 1, 3, and 4. The 
average of 0.72 indicated unequal distribution of alleles in the 
experimental materials used in the present study. This last
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Table 12. Perfect fit estimates of the genetical components and 
heritability values derived from the second degree 
statistics of Table 11.
Genetical Blocks MeanComponents 1 2 3 4
D 12.47 13.23 11.07 12.40 12.29
H1 7.89 6.42 6.23 7.04 6.89
H2 10.49 7.84 8.06 11.83 9.55
F -2.55 -0.69 -1.40 -6.22 -2.93
E1 0.43 0.43 0.43 0.43 0.43
Eo 0.17 0.17 0.17 0.17 0.17
(H1/D)i 0.63 0.48 0.56 0.56 0.56
uv = (H2/AH^) 0.33 0.30 0.32 0.42 0.34
Heritability
narrow % 66.50 71.70 67.80 66.60 68.90
broad % 94.50 94.20 89.00 95.10 94.50
[(4DH1)^ + F]/
[(4DH1)^ - F] 0.77 0.92 0.84 0.50 0.72
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finding provided clear evidence that dominant and recessive alleles 
were unequally distributed among the parental lines.
Narrow and broad sense heritability values were estimated 
using the formula of Mather and Jinks (1982) and are listed in 
Table 12. The proportion of variation essentially due to the 
additive variance ranged from 69.7% to 72.9%, displaying significant 
uniformity over blocks with an average of 70.9%. Broad sense 
heritability values varied from 94.8% to 96.0%, with an average 
value of 95.4%.
Direction of Dominance in the Generation Means
The relative values of - P were estimated in each block 
as shown in Table 13. The mean differences revealed a tendency
Table 13. Direction of dominance for rice leaf 
smut disease reaction estimated using 
F]_ - P values in the 5 x 5  diallel 
cross and calculated correlation 
coefficients between Wrj + Vr^ and 
the Fq means.





*Significant at a = 0.05.
Significant at a = 0.01.
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toward smaller values of smut disease rating, suggesting that the 
direction of dominance was toward resistance. The relative values 
of Wrl + Vrl over arrays were compared with the means of the common 
parents and an analysis of correlation of W  ̂+ V  ̂against the 
parental mean (P) was performed. Highly significant correlation 
coefficients were found (Table 13). Since r is expected to equal 
1.00 if dominant alleles are acting in one direction and recessive 
alleles in another, it can be concluded from the results in Table 13 
that the dominant alleles were acting in the direction of lower 
smut disease reaction while the recessive alleles were acting in the 
direction of higher smut disease reaction. This does not suggest 
that all dominant alleles were necessarily acting in the direction 
of resistance, i. e., lower disease rating values.
Figures 20-23 show the position of each parental line on a 
straight regression line with a confidence limit at 95 percent 
around that line in blocks 1, 2, 3, and 4. Only P^ in block 1 and 
?2 in block 4 lie on a straight line. The other parental lines 
varied from block to block. The general pattern of the direction 
and the order of dominance toward resistance was retained in all 
four blocks starting with parental lines ^3 > ^2 > ^5 > ^4 > ^1 '
Analysis of Fq and F2 Generation Means
Before proceeding to the analysis of the 5 x 5  derived diallel 
cross, it is important to report here that all the F^ families were 











Figure 20. Wri + Vri value from each array of the 5 x 5  
diallel cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 1. The line repre­
sents the best fitting linear regression of 
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Figure 21. Wri + Vrj value from each array of the 5 x 5  
diallel cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 2. The line repre­
sents the best fitting linear regression of 
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Figure 22. Wr  ̂+ Vr]̂ value from each array of the 5 x 5  
diallel cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 3. The line repre­
sents the best fitting linear regression of 
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Figure 23. Wr^ + Vri value from each array of the 5 x 5  
diallel_cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 4. The line repre­
sents the best fitting linear regression of
Wrl + Vrl on
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table in the F^ generation was retained for the generation, except 
that the number of observations per cross increased up to 80. All 
the basic analyses and expectations for the 5 x 5 diallel cross 
still apply, except for changes in the coefficient of dominance 
contribution to means and variances (Mather and Jinks, 1982). The 
contribution of the dominance estimate to family and generation means 
should be halved, the coefficients of and must be quartered, 
and the coefficient of F halved. The process of estimating the 
genetic components to provide the second degree statistics for 
testing the adequacy of the model remains the same.
A summary of the disease ratings over four blocks and the
combined data were given in Table 2. The values of disease rating 
were variable in the generation because we were dealing with the 
first segregating generation. More detailed information can be 
found in Appendix Tables 5, 6 , 7 and 8 . Table 14 shows that 
differences among blocks were non-significant indicating reasonably 
uniform environmental conditions. The analysis of variance was 
directly carried out from the computation of intermediate sums of
squares for the five diallel tables given in Appendix Table 6 . The
sum of squares and the combined sums of squares were used to con­
struct the analysis of variance of the diallel table using Hayman's 
model (1954a). Table 14 exhibited the general analysis of variance 
to test some of the seven assumptions previously listed. As in the F^ 
generation means, the significance of (a) indicated additive variance 
among the five parental lines and that of (b) dominance at some loci.
Table 14. Analysis of variance of leaf smut rating observations using ?2 
generation means of the 5 x 5  diallel set of crosses.
Source of Variation Sums of Squares DF Mean Square F
a (additive) 460.19 4 115.05
**
165.88
b (dominance) 19.14 10 1.91 2.75**
bl 3.27 1 3.27 4.71**
b2 3.05 4 0.76 1.10
b3 12.81 5 2.56 3.69**
c (maternal) 1.08 4 0.27 0.39
d (reciprocal effect) 9.45 6 1.57 2.27*
Blocks (B) 1.92 3 0.64 0.92
B * a 4.39 12 0.36
B * b 6.74 30 0.22
B * b.̂ 0.44 3 0.14
00Ln
Table 14, continued
Source of Variation Sum of Squares DF Mean Square F
B * b2 2.70 12 0.22
B * b3 3.56 15 0.23
B * c 8.61 12 0.71
B * d 28.81 18 1.60
**
2.30
(Block Interactions) 48.56 70 0.69
Total 540.37 99
**Significant at a = 0.01 
*Significant at a = 0.05
87
The significance of suggested unidirectional dominance of disease 
rating values. The non-significance of b  ̂also suggested that 
correlated gene distributions were not present, although this item 
was found to exhibit significance in the generation means.
Validity of the assumptions of the 5 x 5  diallel cross 
analysis in the F2 generation means. Diallel crosses of the F^ 
families were self-pollinated to obtain the F^ families. These 
families were grown in a randomized block design with the F^ 
families and the parental lines to test the adequacy of the additive- 
dominance model.
The first two assumptions of diploid segregation and homo­
zygosity in the parental lines were found valid in the test already 
applied to the F^ generation means. The third assumption of no 
maternal effect was not significant (Table 14), providing the 
evidence that the assumption held true for both generations. The 
fourth assumption of no reciprocal effects, which in practice cannot 
be differentiated from the maternal effect, was significant. The 
significance of reciprocal effects might imply the presence of other 
genetical effects occurring in the F^ generation means. Increased 
number of observations combined with the recombination process were 
probably suitable to detect their presence in the F£ generation 
rather than in the F^ generation.
The assumptions of no epistasis, no multiple alleles, and 
uncorrelated gene distribution were difficult to test independently
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of each other. The first test to substantiate the three assump­
tions was carried out using the analysis of variance of (W 2 “ 
and (W^2 + values. Constancy of these values is expected over
arrays if the three assumptions are valid in the absence of non­
additive genetic variance. The difference in magnitude of 
(W^ - ^r2  ̂ values over arrays was not significant, as shown in 
Table 15. Values of (W^ - ^r2  ̂ are expected to be constant if an 
additive-dominance model with independent gene distribution is 
adequate. The difference in magnitude of (W 2 + ^r2  ̂ values over 
arrays was highly significant (Table 15). These were expected to 
be constant in the absence of non-additive genetic variance. When 
taken together, the results of these two analyses indicate that the 
assumptions of no epistasis and uncorrelated gene distributions were 
only partially met. The assumption of no multiple allelism was not 
tested in the F2 generation means because the analysis of variance
combined the difference of the two values W , - 2W However,rl r2
failure of one of the last two assumptions might suggest the
failure of no multiple allelism. Constancy of the difference of
Wrl - 2W^2 is expected in the absence of multiple alleles. Table 10
shows that W ^  - 2W 2 w^s highly significant, thus providing
evidence of the multiple alleles and failure of that particular
assumption. The x2 test (Table 9) to detect epistasis, coupled with
the analysis of variance of W - 2W _ values, was used to reinforcerl r2
the presence of multiple allelism. Highly significant differences 
of W - 2W^2 were found in the analysis of variance. When coupled
Table 15. Analyses of variances of Wr2 + Vr2 and 
^r2 - Vr2 values in the 5 x 5  diallel 
set of crosses for leaf smut disease 







Block 3 0.99 0.33 0.16
W + V r2 r2 4 147.55 36.88 17.31**
Error 12 25.56 2.13
Total 19 174.10
Block 3 0.80 0.27 3.37
Wr2 - Vr2 4 0.23 0.06 0.75
Error 12 0.90 0.08
Total 19 1.93
*Significant at a = 0.05
**Significant at a = 0.01
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with the non-significance of the chi-square test, this strongly 
suggested a manifestation of multiple allelism in the parental 
lines.
A second test to assess the validity of the three assump­
tions of no epistasis, no multiple alleles, and uncorrelated gene 
distributions among the parents was performed using an analysis of 
regression of (wrt2 > Wr2  ̂ values. The regression coefficients 
from block 1 to block 4 are expected to differ significantly from 
0.00 but not significantly different from 0.50 if all the assump­
tions hold true. Table 16 displays the estimated regression
Table 16. (Wr2 » W'r2) regression coefficients in the
5 x 5  diallel cross for rice leaf smut disease 







1 0.49 0.45 - 0.52 0.50
2 0.41 0.29 - 0.52 0.50
3 0.51 0.47 - 0.56 0.50
4 0.48 0.45 - 0.51 0.50
coefficients with confidence limits at 95%. These confidence limits 
covered the expected regression coefficient of 0.50, apparently 
suggesting the validity of the assumptions. However, values of the
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confidence limits largely varied in block 2, whereas blocks 1, 3, 
and 4 had smaller variations. The (Wr2 > ^'r2̂  graP^s (Figures 24-27) 
could be interpreted genetically (Allard, 1956) in terms of a pro­
portion of dominant versus recessive alleles. The distribution of 
parental lines was similar to that found on the (V^, W )̂ graphs. 
This corroborated the order of dominance of resistance already found 
in the analysis of the generation means. The regression coeffi­
cients of a straight line of W ' ^  on significantly differed from 
the 0.50 value in all blocks with a probability value of 0.01. 
Deviation from a slope of 0.50 was probably due to epistasis, 
multiple alleles, or correlated gene distributions, as previously 
examined. Correlated gene distributions are somewhat similar to 
linkage that could cause gene association and gene dispersion. 
Although no assumption was made concerning linkage because we were 
dealing with family means, it might be helpful to test whether or 
not linkage was present. An analysis of variance of V ̂  values was 
performed to test the presence or absence of linkage for rice leaf 
smut disease rating. The highly significant difference of array 
(V^) values (Table 17) provided clear evidence of the presence of 
the phenomenon of linkage without any indication as to whether it 
was in the coupling phase or the repulsion phase. Therefore, it 
can be hypothesized that gene association and gene dispersion were 
occurring in the parental lines.
The last test to validate the three assumptions of no 
epistasis, no multiple allelism, and uncorrelated gene distributions
92
was carried out using the regression analysis of °n V'  ̂combined 
with the (Vr2 > ^ 2) §raPhs> as in the F^ generation means. All four 
graphs of on ^r2» s^own i-n Figures 28-31, represent the straight 
regression lines. The expected regression lines were not signifi­
cantly different from the observed regression lines in blocks 1, 3, 
and 4. However, the graph in block 2 shows the possible variation
Table 17. Analysis of variance of (Vr2) values to 
detect linkage among factors affecting 
leaf smut disease reactions in the 5 x 5  







Block 3 0.09 0.03 0.06
Vr2 4 37.35 9.33 19.85**
Error 12 5.67 0.47
Total 19 43.11
**Significant at a = 0.01.
of the parental lines along the calculated regression line within 
the confidence limits at 95%. One parental line, , was off the 
observed regression line while the other four parental lines re 
remained closer to that line. The same parental line was found to 
be at the limit of 95% confidence in block 3, suggesting that it 
might be the main source of non-additive variation in the present
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Figure 24. (Wr2 > W ’̂ ) graph for leaf smut disease ratings
for the 5 x 5  diallel cross in block 1. The 
regression line is expected to have a slope 
3 = i. The broken lines represent the confi­
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Figure 25. (Wr2 > W' 2 ) graph for leaf smut disease ratings
for the 5 x 5  diallel cross in block 2. The 
regression line is expected to have a slope 
3 =2. The broken lines represent the confi­
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Figure 26. (Wr2» W'r2) graph for leaf smut disease ratings
for the 5 x 5  diallel cross in block 3. The 
regression line is expected to have a slope 
6 = £. The broken lines represent the confi­
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Figure 27. (Wr2 , W r2) graph for leaf smut disease ratings 
for the 5 x 5  diallel cross in block 4. The 
regression line is expected to have a slope 
6 = i. The broken lines represent the confi­
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Figure 28. Analysis of covariance = Wr2/variance = Vr2 , 
of F2 generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 1. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 8 = 1 .  The other two broken 
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Figure 29. Analysis of covariance = Wr2/variance = Vr2 , 
of F2 generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 2. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope g = 1. The other two broken 
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Figure 30. Analysis of covariance = Wr2/variance = Vr2 , 
of F2 generation means of leaf smut ratings 
for the 5 x 5  dialleal cross in block 3. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 3 = 1 .  The other two broken 
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Figure 31. Analysis of covariance = Wr2/variance = Vr2 , 
of F2 generation means of leaf smut ratings 
for the 5 x 5  diallel cross in block 4. The 
stars represent the parental arrays. The 
solid line is the line of the best fit to 
parental arrays. The broken line with the 
triangle represents the expected regression 
line of slope 6 = 1 .  The other two broken 
lines are the confidence limits at 95%.
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study. The second point to be determined was to estimate the 
average level of dominance.
The intercepts of the four blocks were 2.91, 2.31, 2.24, 
and 2.81, as shown in Figures 28-31, thus substantiating the over­
all picture of partial dominance over loci exhibiting dominance.
If overdominance were present, the intercept value would be expected 
to be negative, or equal to zero if complete dominance were present. 
The third point to be evaluated was the distribution of dominant and 
recessive genes among the parents along the regression lines. The 
position of parental line P.. varied from block 1 to block 4. The 
two susceptible parental lines retained their position along the 
observed line with little variation. The resistant parental line, 
P^, had a variable position along the line, while P^ remained con­
stant in all four regression lines. It can be concluded from these 
results that susceptible parental lines P^ and P^ corresponded to 
those having a greater proportion of recessive alleles. (See 
Figures 28-31.) Lines P^ and were found to have a greater pro­
portion of dominant alleles, except in block 1 for line P^* From 
these four graphs, it can be tentatively concluded that parental 
line P,- might have an equal proportion of dominant and recessive 
alleles. The fact that P^ behaved differently from block to block 
also suggested a possible occurrence of residual heterozygosity in 
that parental line.
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Estimating the genetic and environmental components of 
variation in the F2 generation means. Before proceeding to the 
estimation of the genetic and environmental components of variation, 
it is important to note that the family data did not meet all 
the requirements for the adequacy of the simple additive-dominance 
model. Only three assumptions— diploid segregation, homozygous 
parents, and no maternal effects— were strictly valid, while the 
assumptions of no reciprocal differences, no epistasis, no multiple 
alleles, and uncorrelated gene distributions were not strictly 
valid. However, the fact that the relationships of W 2 on were 
not distorted was an indication that these genetic factors were 
unlikely to represent major sources of bias to offset the analysis 
of the data.
All the pertinent second degree statistics are outlined in 
Table 18. The genetic and environmental components were estimated 
according to the transformed equations 1, 5, 6 , and 7 for the F£ 
generation means. Table 18 also displays the relevant and consistent 
second degree statistics from block to block, except for sampling 
errors, suggesting that their interpretation will be accurate, 
though more complex, because the components were perhaps affected 
by epistasis, correlated gene distributions, reciprocal differences, 
and multiple allelism. All the useful statistics were found to be 
relatively constant from block to block (Table 18). The calculated 
estimates of environmental variances for the parental lines and the 
first segregating generation were 0.17 and 0.69, respectively, with
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Table 18. The second degree statistics for rice leaf smut 
disease ratings of the 5 x 5  diallel set of 
crosses using F2 generation means.
Statistics Blocks Mean1 2 3 4
VP 12.65 13.41 11.24
12.58 12.47
3.26 3.35 3.38 3.46 3.36
2 6.02 5.97 5.65 6.21 5.96
Vr 2 2.89 2.72 2.90 3.08 2.90
E2 0.69 0.69 0.69 0.69 0.69
Eo 0.17 0.17 0.17 0.17 0.17
an approximate rat^°  ̂ to Using Equations 1, 5, 6 , and 7
for the first segregating population, estimates of additive variances 
(D), dominance variances (H^ and , relative frequency of dominant 
versus recessive alleles in the parents (F), the average level of 
dominance (H^/D)2, the relative proportion of positive and negative 
alleles and the heritability values were estimated and
are given in Table 19. Most of the genetic estimates were variable 
from block to block except for additive gene variances. The additive 
gene variance was greater than the two dominance variances (H^ and 
as expected. However, values were smaller than values, which 
was unexpected. This result might suggest that gene distribution 
was asymmetric in the parental lines. An estimator of dominant 
versus recessive alleles, F, was positive in all blocks, except in
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Table 19. Perfect fit estimates of the genetical components and 
heritability values derived from the second degree 
statistics of Table 18.
Genetical Blocks MeanComponents 1 2 3 4
D 12.47 13.23 11.07 12.40 12.29
H 1 3.99 9.21 6.25 3.80 5.82
h2 10.83 14.91 12.64 10.90 12.32
F 1.96 5.39 -0.66 0.20 1.72
E2 0.69 0.69 0.69 0.69 0.69
E0 0.17 0.17 0.17 0.17 0.17
(H-j/D)* 0.56 0.83 0.75 0.55 0.68
uv= (Hj A H ^ 0.67 0.40 0.50 0.71 0.52
Heritability
narrow % 78.10 73.68 76.76 79.28 77.00
broad % 86.80 87.40 89.40 88.40 88.10
[(4DH1)i + F ]/ 1.32 1.64 0.92 1.03 1.22
[(40^)* - F]
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block 3, indicating a higher proportion of dominant alleles. There­
fore, dominance was possibly unidirectional. Estimation of the
1
average dominance ratio,(H^/D)J, was 0 .68, with the values ranging 
from 0.55 to 0.83 in block 4 and block 2, respectively. These values 
of the average dominance ratio were suggestive of incomplete 
dominance at some loci. Table 19 also reveals that unequal allele 
frequencies were present at most loci with estimated values of 
ranging from 0.40 to 0.71. These values were overestimated because 
of the possible occurrence of residual heterozygosity, epistasis, 
gene asymmetry, etc. Heritability values averaged 77.00% with a 
range of 73.68% to 79.28%.
Direction and order of dominance in the F2 generation means. 
Determination of the direction of dominance was investigated using 
the relative values of W  ̂+ V ^  i-n Table 20, the parental means 
from each block, the correlation coefficients between the two, and 
the - P values. The positive F values in Table 19 indicated that 
there were more dominant alleles present in the parental lines than 
recessive alleles, independently of their effect. The higher 
positive correlation coefficients shown in Table 20 suggested that 
there was an overall mean dominance in one direction. The corre­
lation coefficients between + V 2 va^ues an^ the parental means 
(P) were significant and highly significant in blocks 1 and 3, and 
4 and 2, respectively. The high correlation coefficients indicated 
that most dominant alleles were acting in the opposite direction.
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Table 20. Direction of dominance for rice leaf smut 
disease reaction estimated using F2 - P 
values in the 5 x 5  diallel cross and cal­
culated correlation coefficients between
W „ + V „ and the Fn means. r2 r2 0





*Significant at a = 0.05.
**Significant at a = 0 .01.
These results suggest that some dominant alleles were acting in the 
direction of resistance while some recessive alleles were acting in 
the direction of susceptibility. The direction of dominance was 
investigated using the analysis of regression of the W £ + ^r2 
values against the parental means (P) in Figures 32-35. Such 
parental lines as and P^, with higher values of covariance and 
variance, did have more recessive alleles than those with lower 
values of covariance and variance, P^ and which had more dominant 
alleles. The parental line P^, with intermediate W 2 + Va-Lues> 
corresponded to the array with an equal proportion of dominant and 






* 5.94 + 0.85F
Figure 32. wr2 + Vr2 value from each array of the 5 x 5  
diallel_cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 1. The solid line 
represents the best fitting linear regression 























Figure 33. Wr2 + Vr2 value from each array of the 5 x 5  
diallel_cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 2. The solid line 
represents the best fitting linear regression 
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Figure 34. Wr2 + Vr2 value from each array of the 5 x 5  
diallel cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block 3. The solid line 
represents the best fitting linear regression 









Figure 35. Wr2 + Vr2 value from each array of the 5 x 5  
diallel_cross plotted against the parental 
means (P) to determine the order of dominance 
in the parents for block A. The solid line 
represents the best fitting linear regression 
of Wr2 + Vr2 on P.
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W _̂2 + V 2 tended to generally exhibit dominance for resistant in all 
blocks while those with higher values of + V ^  generally dis­
played recessiveness for susceptibility. The parental line P,., with 
intermediate values of ^ x2 y sug8ested an ambidirectional
dominance. Figures 32-35 display the estimated regression line of 
W^2 + Vr2 on P* The calculated regression coefficients were 0.85, 
0.76, 1.06, and 0.79 in blocks 1, 2, 3, and 4, respectively. The 
wide range of confidence limits shown in Figures 32, 34, and 35 
indicated that the regression coefficients in these blocks signifi­
cantly departed from the value of unit slope.
SUMMARY AND CONCLUSIONS
Two procedures were used to analyze the diallel set of the 
crosses. First the frequency distributions of F^ anf F£ popula­
tions, rated for leaf smut resistance, were observed and F£ 
populations were tested for fit to various classical genetic ratios. 
The second procedure was an analysis of variance of Hayman's diallel 
table to test the seven assumptions underlying the additive-dominance 
model and to estimate the genetical components.
On the basis of Mendelian analysis, resistance to leaf smut 
disease appears to be dominant over susceptibility. The F^ and F^ 
frequency distributions of the resistant x resistant, resistant x 
susceptible, resistant x intermediate, intermediate x susceptible, 
and susceptible x susceptible crosses indicated the high level of 
resistance was mainly controlled by two complementary dominant genes 
for resistance. The data also indicated that susceptibility was 
recessive to resistance and that recessive genes at one locus had 
epistatic control over all genes at a second locus. The F^ and F^ 
results obtained for the crosses of the intermediate line with the 
other lines indicated no dominance and/or polygenic action.
The diallel cross analysis revealed that some of the seven 
assumptions underlying the additive-dominance model such as the 
assumptions of no epistasis, no multiple allelism, and independent 
gene distributions were not fully valid; however, this was not a
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sufficiently major source of bias to prevent the analysis of the 
data.
The analyses of variances in the F^ anf generations 
indicated that both additive (a) and dominance (b) variances were 
highly significant. The significance of the additive variance (a) 
suggested a considerable amount of general combining ability in the 
parent lines. The dominance variances (b) were partitioned into 
three types of dominance— b^» b^, and b^ for the F^ and F£ genera­
tions. The significance of the b^ component indicated that dominance 
was unidirectional towards resistance to leaf smut reaction while 
the significance of b^ indicated that gene distributions were corre­
lated. The b^ component uncovered the presence of specific 
combining ability, as defined by Griffing (1956). To further test 
the adequacy of the additive-dominance model to fit the data, the 
relationships of and W ^ ,  and ar*d were investigated 
using graphs. The estimated regression lines cut the W  ̂axis at 
the approximate points of intersection of 1.20, 1.40, 1.20, and 1.10 
indicating the occurrence of incomplete dominance over loci showing 
dominance in the F^ generation. The intercepts for the four blocks 
were 2.91, 2.31, 2.24, and 2.81. This also substantiated the over­
all picture of incomplete dominance over loci exhibiting dominance 
in the F£ generation. The estimated graphical relationships between 
Wrl and and and V  ̂ indicate that parental lines and P^
were the recessive parents while parental lines P2 and P^ were the 
dominant parents. These recessive and dominant parents corresponded
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to the upper and lower ends of the regression lines while the 
intermediate parent occupied the variable position between the two.
The relationships between V and W and V ̂  and W ^  were
tested, and since there was no sufficiently major source of bias to
produce doubt on the validity of the additive-dominance model, the
genetical and environmental components of variation D, H^, , F,
Eq, E^, and E  ̂ could be estimated in both the and F^ generations.
The genetic components of variation, D and in the F^ and
generations, had values averaging 12.29 and 6.89, and 12.29 and
5.82 respectively, and that < D, indicating that the estimates
1
of the dominance ratios (H^/D)2 provided evidence for partial 
dominance in the parental lines. values were greater than
values indicating a possible source of bias which could be due to 
residual heterozygosity in the parental lines. Estimates of the 
relative frequency of dominant versus recessive alleles in the 
parents (F) were consistently negative in the F^ and positive in the 
F^ therefore indicating no clear cut direction for this parameter. 
This inconsistency could be attributed to the presence of residual 
heterozygosity in the parent lines.
Estimates of narrow-sense heritability values (Mather and 
Jinks, 1982), calculated as the additive (D) and/or additive x 
additive (D x D) genetic portions of the variance, were generally 
high and ranged from 66.50% to 79.28% in the F^ and generations. 
These levels of heritability values indicated that a major part of
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the total phenotypic variation should be attributed to genetic rather 
than the environmental variation.
The statistical analysis of the diallel cross and the 
Mendelian ratio analysis were generally in agreement on the following: 
(1) the parental lines were quite different in their reactions to 
E. oryzae\ (2) resistance to E. oryzae appears to be dominant over 
susceptibility and only a few major genes were controlling the 
character; (3) a genetic system with no dominance and/or polygenic 
action was uncovered in the intermediate reactions parent line, P,.;
(4) a considerable amount of epistatic gene effect was present. 
Narrow-sense heritability values, as calculated from and 
populations, were high and suggested that selection for resistant 
plants should be quite effective, indicating that a breeding program 
for resistance to leaf smut disease should be both efficient and 
effective.
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APPENDIX TABLES
Appendix Table 1. Plot means for a 5 x 5 diallel set of crosses among inbred
lines of rice for the character leaf smut disease rating in 
blocks 1, 2, 3, and 4 in the F^ generation.
1 2 3 4 5 yr.
Block 1
Female Parent
Male 1 7.60 0.80 0.00 7.80 5.40 21.60
Parent 2 0.40 0.20 0.20 2.92 0.40 4.12
3 0.80 0.00 0.40 0.40 0.40 2.00
4 8.20 0.40 0.00 7.20 5.20 21.00
5 4.60 0.20 0.60 4.80 4.20 14.40
y s 21.60 1.60 1.20 23.12 15.60
Yr. + y.s 43.20 5.72 3.20 44.12 30.00
yr. - y.s 0.00 2.52 0.80 -2.12 -1.20
yr. + y.s - 5yr 5.20 4.72 1.20 8.12 9.00
1 0.40 -0.80 -0.40 0.80








Appendix Table 1, continued.
1 2 3 4 5 yr.
Block 2
Female Parent
Male i 7.60 0.20 1.00 7.60 4.20 20.60
Parent 2 1.00 0.20 0.00 3.66 2.60 7.46
3 0.60 0.00 0.00 0.80 0.00 1.40
4 6.80 3.00 0.00 7.20 5.80 22.80




21.40 5.60 1.60 24.66 15.80
42.00 13.06 3.00 47.46 32.60
-0.80 1.86 -0.20 -1.86 1.00
yr. + y.s _ 5yr 4.00 12.06 3.00 11.46 16.60
1 0.80 0.40 0.80 1.20












Appendix Table 1, continued.
Block 3 
Female Parent
Male 1 6.80 0.60 0.20 6.80 4.60 19.00
Parent 2 0.20 0.00 0.00 0.60 0.60 1.40
3 0.40 0.00 0.00 0.00 0.00 0.40
4 6.80 2.71 1.00 6.60 4.80 21.91
5 6.60 0.20 0.80 5.00 3.00 15.60
y.s 20.80 3.51 2.00 19.00 13.00
^r. + y.s 39.80 4.91 2.40 40.91 28.60
yr. - y.s -1.80 -2.11 -1.60 2.91 2.60
















2y = 116.62 * * •
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Appendix Table 1, continued.
1 2 3 4 5 yr-
Block 4
Female Parent
Male i 6.60 0.00 0.00 7.40 5.40 19.40
Parent 2 0.20 0.00 0.00 0.60 0.40 1.20
3 0.40 0.00 0.20 0.80 0.40 1.80
4 7.60 0.00 0.20 7.60 5.80 21.20
5 5.80 0.00 0.00 5.60 4.60 16.00
y.s 20.60 0.00 0.40 22.00 16.60
yr. + y.s 40.00 1.20 2.20 43.20 32.60
yr. - y.s c 1.20 1.20 1.40 0.80 -0.60
yr. + y.s + 5yr 7.00 1.20 1.20 5.20 9.601 0.20 0.40 0.20 0.40











y + yJ .s
yr. - y.s 





1 2 3 4 5
Blocks Combined (1+2+3+4) 
Female Parent
1 28.60 1.60 1.20
2 1.80 0.40 0.20
3 2.20 0.00 0.60
4 29.40 6.11 1.20
























Appendix Table 2. Uncorrected sums of squares in the analysis of diallel tables for blocks 1, 2,
3, 4 and combined blocks (1+2+3+4) uncorrected sums of squares for rice leaf 
smut disease in the generation.
Uncorrected Sum of Blocks Totals CombinedSquares 1 2 3 4 (1+2+3+4)
Ey2 366.76 370.87 314.38 364.40 1,416.62 1,382.47
(y..)2/n2 159.36 190.77 136.00 142.08 628.22 625.45
£(yr.+y.s)2/2n 475.57 525.87 410.55 453.52 1,865.53 1,853.86
(y,.-ny_)2/n2(n-l) 12.16 4.81 5.61 12.53 35.12 33.58
2 (y +y -ny )2/n(n-2)
L • • S L 13.18 38.48 20.73 11.40 83.81 75.31
(2y ..~ny.)2/n2(n-2) 10.63 29.60 15.59 7.80 63.64 60.31
^(yr.-y .s)2/2ri 1.29 0.86 2.54 0.58 5.28 0.83




Appendix Table 3. Plot means for a 5 x 5 half-diallel table among 
inbred lines of rice for the character leaf smut 
disease rating in blocks 1, 2, 3, and 4 in the 
generation.
1 2 3 4 5 < i-i ■—i t-i
Block 1
Female Parent
Male 1 7.60 0.60 0.40 8.00 5.00 13.49 12.99
Parent 2 0.20 0.10 1.66 0.30 0.40 1.98
3 0.40 0.20 0.50 0.02 0.11
4 7.20 5.00 11.57 11.89
5 4.20 5.74 8.27
Block 2
Female Parent
Male 1 7.60 0.60 0.80 7.20 4.80 11.35 2.16
Parent 2 0.20 0.00 3.33 2.40 2.18 3.12
3 0.00 0.40 0.30 0.11 1.11
4 7.20 5.50 8.37 9.70
5 3.20 4.22 6.95
Block 3
Female Parent
Male 1 6.80 0.40 0.30 6.80 5.60 11.22 10.48
Parent 2 0.00 0.00 1.65 0.40 0.46 1.69
3 0.00 0.50 0.40 0.05 0.65
4 6.60 4.90 8.27 9.35
5 3.00 5.94 8.12
Block 4
Female Parent
Male 1 6.60 0.10 0.20 7.50 5.60 13.07 12.59
Parent 2 0.00 0.00 0.30 0.20 0.01 0.39
3 0.20 0.40 0.20 0.02 1.48
4 7.60 5.70 13.57 12.96
5 4.60 7.98 9.88
Appendix Table 4. Estimates of the array variances (Vr )̂ and the array parent-offspring
covariences (Wr )̂ for the arrays in each of the four replicated blocks 
(1, 2, 3, and 4) for rice leaf smut disease rating in the F]_ generation.
Array Vrl Wrl W +V - rl rl W ,-V . rl rl Vrl Wrl Wrl+Vrl w ,-vrl rl
Block 1 Block 2
1 13.49 12.99 26.48 -0.49 11.35 12.16 23.51 0.80
2 0.40 1.98 2.39 1.58 2.18 3.12 5.30 0.94
3 0.03 0.12 0.14 0.09 0.11 1.11 1.22 0.11
4 11.57 11.89 23.46 0.32 8.37 9.70 18.07 1.32
5 5.74 8.27 14.02 2.52 4.22 6.95 11.18 2.73
Total 31.24 35.27 66.51 4.02 26.24 33.05 59.30 5.91
Mean 6.34 7.05 5.24 6.61
Block 3 Block 4
1 11.22 10.48 21.70 -0.72 13.07 12.59 25.66 -0.48
2 0.46 1.69 3.16 1.23 0.01 0.01 0.41 0.37
3 0.05 0.65 0.70 0.59 0.02 1.48 1.50 1.46
4 8.27 9.35 17.62 1.07 13.57 12.96 25.43 -0.60
5 5.94 8.12 14.07 2.18 7.98 9.88 17.87 1.89
Total 25.96 30.31 56.28 4.35 34.67 37.31 71.98 2.64
Mean 5.19 6.06 6.93 7.46
Appendix Table 5. Plot means for a 5 x 5 diallel set of crosses among inbred
lines of rice for the charcter leaf smut disease rating in 
blocks 1, 2, 3, and 4 in the ?2 generation.
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Appendix Table 5, continued.
Block 2 
Female Parent
Male i 7.60 1.25 4.20 7.35 4.65 25.05
Parent 2 4.05 0.20 0.75 3.40 1.25 9.65
3 2.50 0.45 0.00 3.55 0.90 7.40
4 6.40 3.65 1.30 7.20 6.25 24.80
5 2.90 1.05 4.95 5.85 3.20 17.95
y.s 23.45 6.60 11.20 27.35 16.25
yr. + y.s 48.50 16.25 18.60 52.15 34.20
yr. - y.s 1.60 3.05 -3.80 -2.55 1.70
yr. + y.s - 5yr 10.50 15.25 18.60 16.15 18.20
1 2.80 -1.70 -4.85 -1.75












Appendix Table 5, continued.
1 2 3 4 5 yr.
Block 3 
Female Parent
Male 1 6.80 1.50 2.60 7.10 4.80 22.80
Parent 2 1.75 0.00 0.40 3.52 1.35 7.02
3 2.90 0.45 0.00 3.15 1.20 7.70
4 6.10 2.70 0.65 6.60 5.85 21.90
5 5.65 1.10 1.80 5.50 3.00 17.05
y.s 23.20 5.75 5.45 25.87 16.20
yr. + y.s 46.00 12.77 13.15 47.77 33.25
yr “ y s -0.40 -1.27 3.35 3.97 0.85
yr. + y.s - 5yr 12.00 12.77 13.15 14.77 18.25
1 0.25 0.30 -1.00 0.85





















































Appendix Table 5, continued.
1 2 3 4 5 yr.
Blocks Combined (1+2+3+4) 
Female Parent
Male i 28.60 9.20





yr. + y.s 194.90 62.92
yr. - y.s -0.40 3.52








y ’. = 329.82 
2y.. = 659.64
12.15 28.55 18.65 97.25
2.05 12.97 5.85 33.22
0.60 12.90 5.10 31.95
6.30 28.60 23.00 98.35












Appendix Table 6. Uncorrected sums of squares in the analysis of diallel tables for blocks 1, 2,
3, 4 and combined blocks (1+2+3+4) uncorrected sums of squares for rice leaf 
smut disease in the F2 generation.
Uncorrected Sum of Blocks Totals CombinedSquares 1 2 3 4 (1+2+3+4)
Zy2 420.23 427.95 364.43 415.55 1,628.18 1,577.69
(y_ )2/n2 285.94 287.98 233.90 281.90 1,089.73 1,087.81
£(yr.+y.s)2/2n 687.81 685.15 583.95 687.15 2,644.07 2,635.82
(y -ny )2/n2(n-l) 
• • •
1.80 0.37 0.30 1.22 3.71 3.27
£(yr +y -ny )2/n(n-2) r • • s r 68.26 85.38 68.74 71.30 293.70 290.47
(2y_ -ny.)2/n2 (n-2) 67.40 82.58 67.10 70.85 287.94 287.47
£(yr.-y.s)z/2n 2.81 3.56 2.33 0.97 9.69 1.08




Appendix Table 7. Plot means for a 5 x 5 half-diallel table among 
inbred lines of rice for the character leaf smut 
disease rating in blocks 1 , 2 , 3, and 4 in the 
F£ generation.
1 2 3 4 5 Vr2 Wr2
Block 1
Female Parent
Male 1 7.60 3.27 2.80 7.37 5.45 4.99 7.91
Parent 2 0.20 0.40 3.37 1.70 2.29 5.37
3 0.40 2.62 1.75 1.34 4.10
4 7.20 3.72 5.07 7.50
5 4.20 2.63 5.24
Block 2
Female Parent
Male 1 7.60 2.65 3.35 6.87 3.77 4.97 7.90
Parent 2 0.20 0.60 3.52 1.15 1.99 4.91
3 0.00 2.42 2.92 2.18 4.63
4 7.20 6.05 4.50 7.31
5 3.20 3.12 5.11
Block 3
Female Parent
Male 1 6.80 1.62 2.75 6.60 5.22 5.37 7.50
Parent 2 0.00 0.42 3.11 1.22 1.45 3.37
3 0.00 1.90 1.50 1.23 3.54
4 6.60 5.67 4.62 6.78
5 3.00 4.24 6.86
Block 4
Female Parent
Male 1 6.60 3.02 3.00 6.95 4.12 3.67 6.47
Parent 2 0.00 0.45 3.17 1.35 2.11 4.99
3 0.20 2.65 1.37 1.59 4.28
4 7.60 6.37 5.17 7.95
5 4.60 4.74 7.34
Appendix Table 8 . Estimates of the array variances (Vr2) and the array parent-offspring
covariances (Wr2) for the arrays in each of the four replicated blocks 
(1, 2, 3, and 4) for rice leaf smut disease rating in the F2 generation.
Array Vr2 to W r2+Vr2 W -V r2 r2 Vr2 Wr2 Wr2+Vr2 W -V 9 r2 r2
Block 1 Block 2
1 4.99 7.91 12.90 2.92 4.97 7.90 12.87 2.92
2 2.29 5.37 7.66 3.07 1.99 4.91 6.90 2.92
3 1.34 4.10 5.45 2.76 2.18 4.63 6.81 2.45
4 5.07 7.50 12.57 2.42 4.50 7.31 11.81 2.80
5 2.63 5.24 7.87 2.60 3.12 5.11 8.24 1.99
Total 16.34 30.13 46.47 13.79 16.77 29.88 46.66 13.10
Mean 3.26 6.02 3.35 5.97
Block 1 Block 2
1 5.37 7.50 12.88 2.13 3.67 6.47 10.14 2.80
2 1.45 3.57 5.03 2.11 2.11 4.99 7.11 2.88
3 1.23 3.54 4.78 2.30 1.59 4.28 5.87 2.69
4 4.62 6.78 11.40 2.15 5.17 7.95 13.13 2.78
5 4.24 6.86 11.10 2.62 4.74 7.34 12.08 2.60
Total 16.94 28.37 45.22 11.32 17.29 31.06 48.35 13.76
Mean 3.38 5.65 3.46 6.21
Appendix Table 9. Classification of the and F2 Plant Reactions
to E. oryzae of the 5 x 5  diallel set of crosses.
Disease Rating1
Fo Generation 0 1 2 3 4 5 6 7 8 9
No. of 
Plants
P1 4 10 5 1 20
P2 18 2 20
P3 17 3 20
P4 4 9 7 20
P5 2 5 9 4 20
F1 Generation 
P1 X P2 11 8 1 20
P2 X P1 13 7 20
P1 X P3 13 6 1 20
P3 X P1 11 9 20
Pl x P 4 5 6 7 2 20
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Appendix Table 9, continued.
Disease Rating1
0 1 2 3 4 5 6 7 8 9 No. of Plants
P4 x P l 2 10 5 3 20
P1 X P 5 1 6 5 8 20
P5 X P 1 1 3 4 9 3 20
P2 X P 3 20 20
P3 X P 2 19 1 20
P2 X P 4 8 7 1 2 2 20
P4 X P2 5 5
P2 x P 5 9 7 2 2 20
P5 X P 2 13 1 3 3 20
P3 X P4 16 4 20
P4 X P 3 11 6 3 20
P3 X P 5 16 1 2 1 20 142
Appendix Table 9, continued.
Disease Rating 1
0 1 2 3 4 5 6 7 8 9 No. of Plants
P5 X P3 15 4 1 20
P4 X P 5 4 8 8 20
P5 X P 4 3 7 9 1 20
F£ Generation
P1 x P2 30 10 8 3 8 9 4 3 5 80
P2 X P1 24 11 8 6 9 7 4 2 9 80
P1 X P3 26 13 2 4 4 1 15 9 4 2 80
P3 X P1 26 13 8 2 6 2 9 12 2 80
Pl x P 4 1 1 17 31 18 12 80
P4 x P l 3 8 31 18 12 8 80
P1 X P 5 1 1 7 9 22 11 15 10 4 80
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Appendix Table 9, continued.
Disease Rating 1
0 1 2 3 4 5 6 7 8 9 No. of Plants
P5 X P1 2 6 5 12 13 13 11 13 5 80
P2 x P3 48 27 5 80
P^ x P2 51 21 7 1 80
P2 X P4 13 1 1 4 7 7 1 4 2 80
P4 X P2 29 12 6 3 3 2 8 10 7 80
P2 X P5 40 15 9 8 8 80
P5 X P2 41 7 8 7 10 2 2 2 1 80
p3 x P4 34 5 2 5 12 4 10 7 1 80
P4 X P3 36 14 5 4 1 4 5 5 4 2
P3 X P5 37 9 14 7 8 4 1 80
P5 X P3 28 14 7 6 9 2 8 2 4 80
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Appendix Table 9, continued.
Disease Rating1
0 1 2 3 4 5 6 7 8 9 No. of Plants
P4 x P 5 5 5 1 7 11 15 13 8 15 80
P5 x P 4 5 14 15 15 15 13 3 80
^Level of leaf smut infection rated 0-9 with 0 an immune (no 
infection) reaction and 9 a highly susceptible reaction.
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Vp Variance of the inbred parents
V- , V—„ Variance of the array means for the F., F„rl r2 ^ J 1 2generations
rl’ r2 Mean variance of the arrays for the F^,
generations
W _̂2 Mean covariance between offsprings and the common
parent of the array
Eq Environmental variance for the F^ generation
E^ Environmental variance for the F^ generation
E^ Environmental variance for the F^ generation
D Estimator of additive gene effects
Estimator of dominance gene effects
Estimator of dominance gene effects corrected for
gene distribution
F Indicator of the relative frequency of dominant
versus recessive alleles in the parents
K Estimator of the number of groups closely
closely linked genes
2H Heritability value
uv = l^MH^ Estimator of the average frequency of negative





A Locus B Locus C Locus
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Appendix Figure 1. Genotypic model and suggested
genotypes of the five lines in 
the diallel cross.
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